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Title: Title: An innovative strategy for the prevention and treatment of metastatic prostate 
cancer: chemically modified tetracycline as chemotherapeutics-Phase II. 

A. Introduction and background: The overall goal of this funded project is to determine the utility of 
non-antibiotic forms of chemically modified tetracycline (CMT) against metastatic prostate cancer, with 
specific emphasis on prostate cancer-metastasis to bone. During the first phase of this project after 
screening about 10 analogues of CMTs, we identified a non-antimicrobial CMT, 6-deoxy, 6-demethyl, 4- 
-dedimethylamino tetracycline (CMT-3, COL-3) as a potent orally bioavailable anti-neoplastic and anti- 
metastatic agent. Although we had initially hypothesized CMTs as anti-metastatic agents due to their 
strong anti-metalloproteinase (anti-collagenase) activity in several systems [1-3], we discovered some 
of the CMTs have activities similar to cytotoxic chemotherapeutic agents. We found, CMTs inhibit cell 
proliferation via mitochondrial permeabilization, induction of apoptosis and by arresting cells at G1/S 
boundary [4-6]. These properties combined with their strong affinity for bone matrix led us to test the 
efficacy of CMT-3 on bone metastasis. We reported that when tested on a highly aggressive prostate 
cancer model, induced to form skeletal/lumbar bone metastasis, CMT-3 was able to inhibit 
development of paraplegia and cause a significant delay in development of morbidity associated with 
lung metastasis [7]. 

The compound was tested in the clinic (Phase I) independent of this research group and was 
recommended for Phase II and III trials. However, its clinical efficacy was modest (28% disease 
stabilization, and 13% remission [8]. The major dose-limiting toxicity was development of 
photosensitivity at doses above 70 mg/day, and drug-induced lupus (7%). Several derivatives of CMT- 
3s, with modifications to Carbon-7 and carbon-9 positions of the CMT-3 was developed and tested for 
similar activities. We reported earlier that functionally, CMT-303 (9-Nitro CMT-3), and CMT-308 (9- 
aminoCMT-3) resemble CMT-3 activity without photo toxicity [5]. We had three objectives in this second 
phase of the project. These are: (1) Test the efficacy of CMT-3 and CMT-308 on tumor growth and 
metastasis, either alone or combined with other therapeutic modality; such as cytotoxic 
chemotherapeutic drugs (e.g., docetaxel or doxorubicin) or radiation, (2) Test the cytotoxic and 
antimetastatic activity of halofuginone - a novel collagenase and collagen synthesis inhibitor 
halofuginone (Stenorol) [9-11] - and (3) Determine how stromal cells modify the cytotoxic response of 
tumor cells to CMT-3 and other chemotherapeutic drugs (chemodrugs). 

The findings related to the effect of halofuginone (HF) and CMT-3 either alone or in combination 
was reported last year (2002 progress report). We discontinued the work with HF for two reasons. One, 
CMT-3 and HF did not provide any additional cytotoxicity than either agent alone. Two, HF is not 
readily available, it is now a property of COLGARD Inc, a startup company in Israel. Researchers 
associated with COLGARD have published interesting results on the effect of HF on prostate cancer 
models. However, other groups have published that HF is not effective in laboratory animals when 
administered orally and minimally effective against a few cancers in experimental models [12-13]. Due 
to these contested findings we did not pursue the combination studies during this reporting period 
(March 2002-April 2003). However, this principal investigator (B. Lokeshwar) is in contact with Dr. 
Arnon Nagler of COLGARD (and Chaim Sheba Medical Center, Tel-Hashomer, Israel), to pursue the 
project if needed. 

We focused our effort to work proposed under task 3, namely acquired drug resistance and role 
of stroma-derived cytokines in the modification of chemotherapeutic drug sensitivity. We investigated 
the role of lnterleukin-1^ (IL-1£), interleukin-6 and lnterleukin-8 (IL-8) in chemo sensitivity and chemo 
invasion of prostate cancer cells using stable transfectants of PC-3MI cells with each of the three 
cytokines. In addition, we discovered during the last year or so, that CMT-3 and specific inhibitors of 
cyclooxygenase-2 (COX-2) increase the cytotoxicity in an additive to synergistic fashion. Particularly 
interesting COX-2 inhibitor was Celecoxib (CXB) that increased the cytotoxicity of CMT-3 by more than 
2-fold, and depending on which drug was added first, CMT-3 and CXB synergistically (>2x) increased 
drug-induced apoptosis. We investigated the in vitro and in vivo sensitivity of the single 
chemotherapeutic drug (CMT-3 or doxorubicin (DXR)) or CXB or in vivo sensitivity to combined agents 
(CMT-3+CXB). These results are succinctly described in the following pages. 
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Progress Report: .,.,,. „ 
B1. Cytokines modulate drug sensitivity in CaP cells: We reported previously that stromal cell 
culture-conditioned medium (S-CCM) from diverse sources alter the cytotoxic response of CaP cells 

(Reports 2001 and 2002). The stromal cells or cell lines used are: 
a fetal human osteoblastic cell line (hFOB), a fetal lung fibroblast 
cell line (HLF), primary prostate fibroblasts and smooth muscle 
ceils, and the mouse NIH 3t3 cell line. Instead of fractionating the 
concentrated CCM and trying to identify active agent (s), we took 
an alternate approach. Several reports in recent years suggest that 
tumor cells respond to anticancer drugs in the similar manner as 
immune cells respond to environmental stress and release pro- 
inflammatory cytokines and chemokines [14,15]. The gene 
expression array study described previously (Report 2002) 
revealed that expression of pro-inflammatory cytokines such as, IL- 

, 1ß, IL-6 and IL-8 is altered in the presence of chemotherapeutic 
drugs and stromal CCM. These chemokines have been shown to induce acquired drug resistance or 
sensitivity in other tumor cells, including DU145 cells exposed to Cis-platin [16]. We analyzed the levels 
of these three interleukins in CaP cells exposed to chemotherapeutic drugs in the presence or absence 
of stromal CCM. 

Treatment 
IL-lß (ng/ml) 

Growth medium 42.5 ± 8.2 
CMT-3 16.913.2 
Taxol 13.4 + 2.5 
hFOB 32.7 ± 2.4 
HFOB + Taxol 29.4 + 5.2 
HFOB + CMT-3 21.8 + 1.6 

Table 1: IL-1 ß in PC-3ML CM 
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B1.2. Changes in the expression and levels 
of IL1-ß, IL-6 and IL-8 during drug-induced 
cytotoxicity: We investigated the changes in 
the expression and secretion of three cytokines 
IL-1ß, IL-6 and IL-8 after PC3-ML cells exposed 
to chemotherapeutic drugs in the presence or 
absence of stromal CCM. Fig 1 shows semi- 
quantitative RT-PCR analysis of RNA isolated 
from PC-3ML cells, cultured in the presence or 
absence of hFOB CCM for 2 days, followed by 
treatment with either taxol (0.1 ^ig/ml) or CMT-3 
(5 |ig/ml) for 3 h, and a recovery period of 24 h. 
At these doses of drugs, the clonogenic survival 
was -50% (data not shown). IL1-ß, IL-6 and IL-8 
specific primer pairs were used to amplify 297 
bp, 291 and 196 bp PCR products, respectively. 

The cycles of PCR amplification were 32, 40, and 36 for IL-1 ß, IL-6 and IL-8, respectively. Both taxol 
and CMT-3 induced IL1-ß expression (> 3-fold) and stromal CCM had minimal effect on this increase. 
While taxol increased IL-6 mRNA expression, in the presence of CMT-3 the expression actually 
decreased by ~ 40%. IL8 expression decreased in the presence of taxol, however, in the presence of 
hFOB CCM, the inhibitory effect of taxol on IL-8 mRNA expression was abolished. CMT-3 was effective 
in reducing IL-8 expression, both in the presence and absence of hFOB CCM. These drugs had similar 
effects on DU 145 cells, treated with hFOB, HLF and 3T3-CCM. Consistent with a published report, 
LNCaP showed no detectable mRNA expression of the 3 cytokines [15]. 

We next measured IL1-ß, IL-6 and IL-8 levels in the CCM of drug treated PC-3ML and DU145 cells 
using cytokine specific ELISA kits (Chemicon Inc. San Diego, CA) As shown in Table 1, contrary to the 
PCR results, IL1-ß levels secreted in PC-3ML CM decreased by ~ 70%, following CMT-3 and taxol 
treatment. In the presence of hFOB CCM, IL1-ß secretion returned to normal in taxol treated cells and 
modestly in CMT-3 treated cells. To understand the cause of this disparity, we performed northern blot 
analysis on the total RNA from PC-3ML cells, following various treatments, using IL-1ß cDNA probe as 
described above. As shown in Fig. 2, the northern blot results mirrored the PCR. Cells treated with 
CMT-3 in the presence of absence of either hFOB or HLF CCM, increased IL1-ß mRNA expression. 
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Therefore, it is possible that although, the secretion of IL1-ß decreases in drug-treated cells, there may 
be an intracellular accumulation of the pro- IL1-ß form. 
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We measured the levels of IL-6 in the CCM of PC- 
3ML and DU 145 with an ELISA kit (Chemicon Inc). As 
shown in Fig.3 A, and B, IL-6 levels are increased by 7 
to 10 fold in PC-3ML cells treated with taxol in the 
presence of hFOB and HLF CCM. The increase in IL-6 
levels in the CCM of DU 145 cells treated with taxol was 
not  very  significant,   possibly   because   DU 145   cells 
secrete constitutively high levels of IL-6 (unpublished 
observation). None-the-less, in the presence of stromal 
CCM, taxol treatment resulted in a 2-fold increase in IL-6 
secretion. These results are consistent with the RT-PCR 
data presented  in  Fig.  1.  Similar results were also 

obtained when DU 145 and PC-3ML cells were treated with DXR 
(0.2 (ig/ml). These results suggest that IL-6 may participate in the 
development of acquired drug resistance (ADR) in CaP cells. This 
may be through the interaction of CaP cells with stromal cells in 
tumor environment.    However, CMT-3 tempered the stimulatory 
effect of hFOB and HLF CCM on the secretion of IL-6 by DU145 
and PC-3 ML cells. This suggests that CMT-3 may be a better drug 
in overcoming the acquired chemoresistance, in the sense that 
stromal influence on its cytotoxic effect may be minimal. 

We also examined whether external addition of IL-6 (0.1 to 
1 ng/ml) or neutralizing antibody to IL-6 (5 -10 u.g/ml) will affect 
chemoresistance in DU 145 and PC-3ML cells. This external 
addition of either IL-6, or antibody addition did not alter stromal-cell 
induced chemoresistance to taxol, as determined by cell 
proliferation assays (data not shown). Therefore, it is likely that an 
"intracrine" mechanism is involved in intracellular activation of IL- 

  6 receptor (IL-6R) and the associated GP130 protein [16]. We also 
examined the alteration in the IL-6 receptor levels in taxol-treated PC-3ML and DU145 cells, using an 
anti-IL-6R antibody (Chemicon Inc., CA), by flow cytometry. Flow cytometry analysis found no 
significant changes in the IL-6R specific fluorescence (data not shown). The CCM of CaP cells also 
showed no alteration in soluble IL-6R (slL-6R) levels following drug treatment. Therefore, we conclude 
that although there is an increase in the expression and secretion of IL-6, there is no quantitative 
change in the cell-surface receptor expression. These results show that to overcome the IL-6-mediated 
acquired drug resistance, silencing its expression by antisense cDNA transfections may be necessary. 
Data presented in Fig 4 support this hypothesis. 

We measured the secretion of IL-8 by CaP cell 
lines treated with chemotherapeutic drugs in the 
presence or absence of stromal CCM using a human- 
IL-8 ELISA kit (R&D Systems). As shown in Fig. 4, the 
amount of IL-8 secreted into culture medium by PC-3ML 
cells was almost 100-fold higher than IL-6. PC-3ML 
cells secreted IL-8 at the rate of 12 ng/106 cells/6-cm 
dish and treatment with chemotherapeutic drugs (i.e., 
DXR, taxol or CMT-3) did not significantly alter IL-8 
secretion. However, in the presence of hFOB CM, both 

DXR and taxol induced a ~ 4-fold increase in IL-8 secretion, suggesting that stromal-cell induced IL-8 
secretion may play a role in acquired resistance to conventional chemotherapeutic drugs. As was the 
case for IL-6, stromal CCM did not induce IL-8 secretion in CMT-3 treated cells. These results are 
consistent with the observed effect of CMT-3 on IL-8 mRNA expression analyzed using RT-PCR. 
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B2. a. Induction of COX-2 by stromal cells and antitumor drugs: Since we found that stromal cells 
and their CCM stimulate a number of prominent pro-inflammatory cytokines in CaP cells, we examined 

— whether the classical inflammatory response is also affected 
when CaP cells are exposed to cytotoxic drugs. Since COX-1 
is constitutively expressed and total inhibition of COX-1 is not 
desirable, due to its gastric cytoprotective function [17], we 
focused on the inducible COX, i.e., COX-2. We used a 
quantitative species-specific Quantikine COX-2 mRNA ELISA 
(R&D Systems, MN) to measure the inducible expression of 
COX-2 in PC-3ML cells exposed to chemotherapeutic drugs. 
PC-3ML cells cultured in the presence or absence of hFOB Ctrl Taxol CMT-3        .  

Treatment CCM were exposed to CMT-3 (5 ug/ml) and Taxol (0.1 ug/ml) for 
24 hours Total RNA was extracted, and 2.5 ug total RNA from each treatment group was analyzed for 
the amount of COX-2 mRNA. As shown in Fig 5, there was a 5-fold (CMT-3 treated) to 10-fold (taxol 
treated) increase in the COX-2 mRNA levels when PC-3 cells were exposed to drugs. This increase 
was even more in the presence of hFOB CCM (i.e., 10-fold in CMT-3 and 15-fold in taxol-treated cells). 
These results are consistent with our hypothesis that stromal cells may induce chemoresistance in CaP 
cells by inducing a classical inflammatory response. 

B2.b. Inhibition of PC-3 proliferation by Celecoxib, a preferential COX-2 inhibitor: Celecoxib (Cxb) 
an NSAID has been approved as a selective inhibitor of COX-2 and has found wide application in 
inflammatory diseases [18]. Cxb and another COX-2 inhibitor, NS398 (Calbiochem Corp., CA) have 
been shown to inhibit cell proliferation, tumor growth and metastasis [19-21] We examined a possible 
additive or synergistic cytotoxic activity of CMT-3 and Cxb in PC-3ML cells. PC-3ML cells, cultured with 
or without hFOB or HLF CM for 48 hr were exposed to CMT-3 (5 ug/ml) or CXB (10 //M) and their 
combination The cytotoxicity was determined by MTT assay. As shown in Fig. 6, Cxb was significantly 

cytotoxic to PC-3ML cells, and neither hFOB nor HLF CCM alters its 
toxicity. A combination of CXB and CMT-3 found to have an additive 
response on the cytotoxicity. 
We examined whether increased cytotoxic activity of CMT-3 +Cxb 
combination is due to an increase in apoptotic cell death. PC-3ML 
cells incubated with CMT-3 (5 ug/ml), Cxb (10 uM) or their 
combination, were assayed for apoptotic activity using the Cell death 
ELISA-plus kit (Roche Molecular Diagnostics, IN). The assay detects 

Fig. 6  nCM 
■ hFOB CM 
BHLF CM 

Ctrl. CMT-3 Cxi I m 
CMT-3 
+Cxb 

free-histone H1 resulting from nucleosome fragmentation during apoptosis. Free H1 histones are 
detected using a polyclonal antibody in the ELISA. We observed a 1.2-fold increase in apoptotic activity 
(Fig 7) in CMT-3 treated cells, and 1.6-fold increase in Cxb treated cells. Furthermore, the combination 
increased apoptotic activity by 3.5-fold, more than the sum of CMT-3 and Cxb effects alone. Thus, 
CMT-3 and Cxb are likely to have a synergistic effect on inducing apoptosis in PC-3ML. 

We    next    examined    whether    CMT-3    and    Cxb 
combination   has   similar   cytotoxic   and   apoptosis-inducing 
activity in the androgen-sensitive cell line LNCaP. LNCaP cells 
(104/well; 48-well plate) were incubated with CMT-3 (5 ug/ml), 
Cxb (10 uM), NS398 (10 uM) or their combination for 24h. Cell 
proliferation was measured by MTT assay and apoptotic activity 
was measured using Cell death ELISA kit. As shown in Fig 8, 
CMT-3 inhibited cell proliferation (62%) and induced apoptosis 

(2-fold). Although, Cxb and NS398 inhibited 
cell      proliferation      (73%     and     35%, 
respectively)    neither    Cxb    nor    NS398 
induced   significant   apoptosis.   However, 
CMT-3 and Cxb combination inhibited cell 
proliferation by 90% and caused a 4.6-fold 
increase   in   apoptosis.   Similarly,   CMT- 

5  $ to    o 

MTT conversion (O.D.450) 
Cell death ELISA 

O 
hO.6 2; 

a 
<D 
01 

H3.4SJ 

Control   CMT-3      Cxb CMT-3+ NS398 
Cxb 

NS398+ 
CMT-3 



Gene 
Changes in    mRNA Expression 

CMT-3 Cxb CMT-3+Cxb 
ILl-ß - t 1.8 47.6 
IL-8 - - 42.5 
IL13-Ralpha2 - T3.2 - 
C-X-C cytokine 5 t2.7 4 14.4 
C-X-C member 6 t5.9 4 8.1 
C-X3-C Rl 42.0 
CP-4 t4.0 - - 
COX-2 - - 44.2 
Prostate diff. factor 
(PLAB) 

t2.7 42.1 4 3.0 

CyclinDl&El 44.0 42.1 42.1 
UPA - t 1.8 42.9 
IGF BP 1 t 11.0 - - 
IGF BP 3 t 1.8 42.9 
Table 4: Differential gene expression in drug-treated PC-3ML cells. T and4 arrows 
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3+NS398 combination inhibited cell proliferation by 71% and caused a 2.9-fold increase in apoptosis. 
Based on these results CMT-3+Cxb combination appears to be superior to CMT-3+NS398 for 
inducing apoptosis and inhibiting cell proliferation. 

In addition, we examined the effect of CMT-3 and Cxb combination treatment on cell-cycle 
phase progression in PC- 
3ML cells. PC-3MI cells 
cultured in 60 mm dishes at 
2 x 105 cells/dish were 
treated with CMT-3 (5 /yg/ml 
=10 /vM), CXB, 10 //M, and 
CXB + CMT-3 together (10 
/vM each) for 24 h. Following 
the incubation, cells were 
simultaneously lysed, 
stained with propidium iodide 
(50 jt/g/ml), and the nuclei 
suspension was analyzed in 
a flow cytometer (Coulter 
XL). Data collected using a 
long-pass filter (620 nm) 
were analyze for cell cycle 
analysis using the MODFIT 
(Verity Software, ME) 
program for determining the 

proportion of cells in various phases of cell cycle. The fraction of cells in G0/G1 phase in CMT-3 (5 
ng/ml) treated samples (75.6 ± 6.5%) was significantly higher compared to untreated control (54.4 ± 
3.4%). Cxb (10jxM) also caused some G0/G1 phase arrest (63.2 ± 5.0). However, the G0/G1 fraction of 
Cxb+CMT-3 combination (78.9 + 5.2) was not significantly different than that of CMT-3 treated 
samples. These results suggest that the higher cytotoxicity of CMT-3+Cxb combination may not be due 
to their effect on cell cycle arrest alone. Based on the biochemical analysis of cytotoxicity of either 
CMT-3 or CXB, we were not convinced that only a handful of genes are responsible for the added 
cytotoxicity of CMT-3plus CXB. We chose to analyze the changes in the gene expression profile of cells 
treated with CMT-3, CXB alone or in combination. 

B2.C. Comparison of differential gene expression in CMT-3, Cxb and CMT3 + Cxb treated 
PC-3ML cells: cDNA microarray analysis was carried out in the DNA Microarray facility (Univ. Miami). 
In this facility, cDNA micro arrays are printed in-house with the Gene Machines Omni grid-arraying 
robot. The cDNA sequences used for arraying are exclusively licensed from Agilent Technologies, 
which has licensed the full Incyte gene content to our facility. PC-3ML cells were treated with CMT-3 (5 
ng/ml), Cxb (10 \xM) or their combination for 24 h. Poly A+ RNA was isolated from drug treated cells 
using the Oligotex mRNA isolation kit (Qiagen, CA) and analyzed for quality using the Agilent 2100 
Bioanalyzer. Poly A+ RNA (200 ng) was subjected to reverse transcription, to generate labeled Cy3 or 
Cy5 probes, using the Incyte Genomics Life Array probe labeling kit. The combined Cy3 
(untreated)/Cy5 (drug-treated) probes were hybridized to the GEM™ microarray slide (10800 cDNA 
sequences/slide) at 60° C/6 h and the slide was washed as per the manufacturer's instructions. The 
hybridization arrays were scanned on the Axon GenePix 4000 scanner and analyzed by Incyte's 
GEMTools application. Each analysis was repeated twice using 2 independent preparations of mRNA 
from drug treated and untreated cells. Genes that were differentially expressed by 2-fold or more were 
considered "hits". There were 29 hits including 13 up-regulated and 16 down-regulated genes in CMT-3 
treated cells. There were 142 hits (26 up regulated and 116 down-regulated genes) in Cxb treated cells. 
In CMT-3+Cxb treated cells, 11 up regulated and 117 down-regulated genes were identified. As shown 
in Table 2 several cytokines and their receptors, including IL1-p and IL-8, expression was decreased in 
CMT-3+Cxb treated PC-3ML cells when compared to CMT-3 or Cxb treated cells. Interestingly, the 
combination and not Cxb treatment alone decreased COX-2 expression. These results demonstrate 
that a combination of cytotoxic and anti-inflammatory drugs is likely to overcome acquired drug 
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resistance induced due to over-production of pro-inflammatory cytokines. We were now convinced that 
analyzing the response of tumor cells to anticancer drugs in the absence of inducible cytokines such as 
IL-1£, IL-6 and IL-8 and also COX-2. To achieve these we decided to produce stable cell lines of PC- 
3ML that constitutively express anti-sense IL-10, IL-6, IL-8 as well as COX-2. By creating stable 
transfectants of these antisense plasmids, we could delineate the underlining mechanism of cytokine 
mediated drug sensitization or resistance. To understand the consequence of over-expressing either 
one or more of these pro-inflammatory proteins, we decided to create both sense- and anti-sense 
transfectants. 

B2.d. Generation of stable cell lines expressing 
Interleukins (IL-1ß, IL-6 and IL-8) sense and antisense 
cDNA constructs: We obtained published cDNA sequences 
of the three cytokines from the Genbank data base obtained 
via the NCBI ENTREZ-search and retrieval portal (ENTREZ- 
PUBMED) and deduced PCR primers for amplification. Total 
RNA was isolated from CaP cells (PC-3ML, DU 145 and 
primary prostate tumor tissues) and reverse transcribed using 
Superscript II reverse transcription kit (Invitrogen/Life 
Technology). The first strand cDNA was PCR amplified by 
using primer sets to amplify full length cDNAs of IL1-ß, IL-6 
and IL-8 using the following set of primers: 1. IL1ß (70) L 
5'AAGTGTCTGAAGCAGCCATG3'. IL ß (939) R 
5'TTGAGTCCACATTCAGCACA3' 2. IL6 (59) L 

5'CAGCTATGAACTCCTTCTCC3'. IL6 (727) R: 5'ACAACAACAATCTGAGGTGC3'. 3. IL-8 (72) L 
5AGGAACCATCTCACTGTGTG3' IL-8 (417) R: 5'GGCATCTTCACTGATTCTTG 3'. The PCR 
amplification was carried out using Ampli TaqGold (Applied Biosystems/Perkin Elmer) as follows: 95° 
C/10 min. 2. 10 cycles of 94° C/30 sec, (70° C - 60° C/30 sec) and 72° C/1min. 3. 35 cycles of 94° C/30 
sec, 60° C/30 sec and 72° C/1min. 4. 72° C/7 min extensions. As shown in Fig. 9, IL1-ß, IL-6 and IL-8 
primer pairs amplified 870 bp, 669 bp and 346 bp PCR amplimers representing the entire coding 
regions of IL1-ß, IL-6 and IL-8, respectively. The amplimers were cloned into a eukaryotic expression 

vector pEF6/V5-His TOPO. This vector allows bi- 
directional cloning of the PCR products. Thus each 
of the PCR cloned cDNA had a 50:50 chance of 
insertion into the vector in the sense and antisense 
orientation with respect to the enhancer/promoter 
elements from the human elongation factor 1a 
subunit (hEF-1a). The vector contains blasticidin 
resistance gene for selecting stable mammalian cell 
transfectants and an ampicillin resistance gene for 
bacterial selection. Sequencing of the cloned cDNAs 
(DNA Core Facility, U. Miami) confirmed their 
identity to the known IL1-ß, IL-6 or IL-8 cDNAs and 
confirmed their orientation in the sense or antisense 
direction. 

We used the previously established PC-3ML 
cells expressing high levels of Enhanced Green 
Fluorescence protein (EGFP-PC3ML cells). EGFP- 
PC3ML cells; 2 x 105 cells/dish) were transfected 
with 1 \ig DNA of various constructs (i.e., IL1-ß 
sense (IL1-ßS), IL1-ß-antisense (IL1-ßAS), IL-6 
sense (IL-6S), IL-6 antisense (IL-6AS) and IL8- 
antisese) or vector DNA using the Effectene 
transfection reagent as per the manufacturer's 
protocol (Qiagen Inc, CA). We decided not to create 
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IL-8 sense PC-3ML transfectants, since PC-3ML already secrete abundant amount of IL-8 (-20 ng/10 
6cells). After 48 h incubation, the transfectants were selected in the growth medium containing 
blasticidin (5 ug/ml) and hygromycin (100 //g/ml). Individual clones were picked and expanded. 
Culture-conditioned media (CCM) from 48 to 72 clones were assayed for the expression or the 
inhibition of respective cytokine proteins using cytokine-specific ELISAs (Quantikine ELISA kits, R&D 
systems). Data on two representative clones from each construct are shown here. 

B2.e. Production of IL1-ß, IL-6 and IL-8 in transfectants: Since the production of IL1-ß, IL-6 and IL- 
8 may be inter-linked we assayed the production of these three cytokines in the CCM of various 
sense, antisense and vector transfectants using cytokine specific ELISAs (R&D Systems). As shown in 
Fig. 10 A, both PC3-V (i.e., PC3 vector only transfectants) secrete ~ 1000 pg/106 cells IL1-ß. The IL1- 
ßS transfectants secreted ~ 35% more IL1-ß (1368 pg/106 cells). A ~ 90% reduction in IL1-ß production 
was observed in both IL1-ßAS transfectants (90-150 pg/106 cells). IL1-ß production was not significantly 
different among IL-6S and IL-6AS transfectant #1. However, IL6-AS clone #2, and both IL-8AS clones 
showed a 30% to 50% reduction in IL1-ß production. 

Fig. 10 B shows secretion of IL-6 by various transfectants. IL-6S and IL1-ßS transfectants 
secreted comparable levels of IL-6 (743-768 pg/106 cells), which were slightly greater than IL-6 levels in 
PC3-V transfectants (650 pg/106 cells). IL-6 secretion was ~ 85-90% decreased in IL-6AS transfectants 
(66-120 pg/106 cells). Interestingly, IL1-ßAS transfect #1 and # 2 secreted 24% and 47% less IL-6 in 
their conditioned media, respectively, when compared with PC3-V transfectants (Fig. 20 B). IL-6 levels 
in IL-8AS transfectants were similar to those found in PC3-V transfectants. 

As shown in Fig. 10 C, PC3-V and IL1-ßS transfectants secreted similar levels of IL-8 in their 
conditioned media (16.5 - 21.8 ng/106 cells). As expected IL-8AS transfectants secreted 75% - 82% 
less IL-8 when compared to PC3-V transfectants. As observed for IL-6 production, IL1-ßAS 
transfectants secreted 25% (clone # 2) and 51% (clone #2) less IL-8, respectively, when compared to 
PC3-V and IL1-ß S transfectants. 

These results show the following: 1. Cytokine expression can be constitutively down 
regulated in PC-3ML cells by antisense transfections, 2. IL1-ß expression partially regulates the 
expression of IL-6 and IL-8 in PC-3ML cells; 3. Blocking IL-8 expression appears to partially inhibit IL1- 
ß production. 

B2.f. Characterization of sense and antisense cytokine cDNA stable transfectants for cell 
proliferation and invasion: We next examined the growth characteristics of various clones to identify 
whether antisense cytokine cDNA transfectants have altered growth rate. For determining growth rate, 
10,000 cells were plated in 35-mm dishes in replicates in complete medium containing 5 ug/ml 
blasticidin. Every 24 h, for a total period of 6 days (i.e., 0-144 h) cells were trypsinized, trypan blue 
stained  and  counted.  Counts were  done from  3  separate  dishes/transfectant,  in  2  separate 

experiments. The growth kinetics of various sense and 
antisense cytokine transfectants was similar, 
suggesting that cytokine expression is unlikely to 
regulate PC3 cell proliferation (Fig. 11). 

To study invasive profiles of various 
transfectants we assayed their invasive potential in 
vitro by Matrigel invasion assay [2]. Matrigel (50 
ng/cm2)-coated 12-well Transwell plates were seeded 
with 4 x 105 cells of various transfectants. The bottom 
well contained a 50:50 mix of hFOB CCM and CM. 
Following 48 h incubation, invasion of cells through 
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MTT assay. The invasion index was defined as a % ratio of O.D. in the bottom well to the O.D. of 
bottom + top well. The invasion index of PC3-V # 1 transfectant (17.2 ± 4.5) was taken as 100%. As 
shown in Fig. 12, invasion indices were similar in IL1-ßS, IL1-ßAS, IL-6S and IL-6AS transfectants. 
However, both IL-8 transfectants were 75% (clone # 1) and 88% (clone # 2) less invasive when 
compared with  PC3-V and  other cytokine transfectants.  These  results  demonstrate that IL-8 

10 



Balakrishna L. Lokeshwar, Ph.D. 

■2 Ä
120 

I fioo 

1 fc 40- 
S       20 

0 

Fig. 12 

PC3-V 
#1 

IL1-BS   IL1-ßAS IL-6S 
#1 #2 #1 

IL-6AS IL-8AS   IL-8AS 
#2        m #2 

Fig 13 

DAMD17-98-1-8526 
expression may confer invasive phenotype in 
PC3-V cells. It is noteworthy that the effect of IL-8 
on invasion is independent of IL1-ß expression. 
This is because, although IL-8AS transfectants 
secreted 30% to 50% less IL1-ß, IL1-ßAS 
transfectants did not show appreciable reduction in 
invasion. The observed 18% decrease in the 
invasive index of IL1-ßAS #2 clone may be a 

reflection of reduced IL-8 production by this clone. 

We next examined MMP levels in the 
CCM of various cytokine sense and antisense 
transfectants by gelatin zymography (see 
Appendix 2; [2]). Essentially, 3-day CCM from 
cells plated at 1 x 10 6 cells/dish were 
analyzed on gelatin (1 mg/ml) embedded 
polyacrylamide gels subjected to SDS-PAGE 
and incubation in zymography buffer 
overnight. After SDS-PAGE, followed by 
incubation in zymography buffer overnight. 
Areas digested by the MMPs in the gel were 
made visible by staining the gel in 0.25% 

brilliant blue and destaining in 7% acetic acid. As shown in Fig. 13, PC3-V and cytokine transfectants 
primarily express MMP-9, which is consistent with our previous observation (22). However, IL-8AS 
showed a decrease in MMP-9 production. The MMP secreted by IL-8AS clones was essentially the 
latent form indicating lack of expression of other MMPs (MMP-3 or MT-MMP-1) in these two clones. No 
decrease in MMP-9 production was observed in IL1-ßS/AS, IL-6S/AS transfectants when compared to 
that of PC-3v cultures. Clones other than IL-8AS, including PC-3v, also secreted MMP-2. These results 
suggest that the decreased invasive phenotype of IL-8AS transfectants may be linked to decreased 
MMP-9 secretion and inhibition of MMP-2 expression. 
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B2.g. Cytotoxic response of transfectants to anticancer drugs: We investigated the cytotoxic 
response of various transfectants to CMT-3, DXR and 
Cxb. Transfectant clones (10,000 cells/well; 48-well plate) 
were cultured in growth medium for 48 h and exposed to 
drugs for 48 h. Following incubation, the viability was 
estimated by MTT-assay. Viability of PC3-V clone # 1 
without drug treatment was taken as 100%. As shown in 
Fig. 14 A, IL1-ßAS clone # 2 and IL-6AS clone # 2 were 
2.5-fold and 1.7-fold more sensitive to CMT-3 (5 |xg/ml) 
when compared to PC3-V, respectively. In case of DXR 
(0.2 jig/ml) as well, IL1-ßAS clone # 2 and IL-6AS clone # 
2 were 2.2-fold and 2-fold more sensitive, respectively 
(Fig. 14 B). In case of Cxb (20 ^iM), a 3.2-fold and 1.5-fold 
increase in cytotoxicity was observed in these IL1-ßAS 
and IL-6AS clones (Fig. 24 C). 
In summary, these results suggest the following: 1. 
Although, there is some interlinking among IL1-ß, IL-6 and 
IL-8 synthesis, there does not appear to be a 
redundancy among these cytokines with respect to 
function. 2. IL1-ß and IL-6 protect tumor cells against 
cytotoxic drugs and their down-regulation sensitizes tumor 
cells to anticancer drugs. The response of IL1-ßAS and IL- 
6AS transfectants to anticancer drugs, as well as, to the 
combination of anticancer anti-inflammatory drugs may 
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provide a direct evidence for the role of these cytokines in acquired drug resistance. 3. IL-8 appears to 
regulate invasive phenotype of PC-3ML cells, which is apparently independent of IL1-ß and IL-6 
expression. 

B2.h. In vivo efficacy of CXB and CMT-3 combination therapy on the growth and metastasis of 
EGFP-PC3ML cells. 

The ongoing experiments suggested that a combination treatment in mice bearing PC-3ML 
tumors with CXB and CMT-3 should reduce the trumor growth more than either agent alone. Instead of 
using two drugs as oral gavages, we obtained slow release implantable pellets of CMT-3, custom 
manufactured for us by Innovative Research Inc, Fort Myers, Florida, These pellets containing 10 mg of 
CMT-3 when implanted subcutneously, release a steady amount of CMT-3 for at least 21 days. We first 
analyzed the serum concentration of CMT-3 in mice implanted with one pellet. Mice were bled, 
0.2ml/mouse on day 1, 14, 21 and 45 following implantation of the pellet. Serum from three animals 
were pooled and subjected to HPLC, amount of CMT-3 present in the serum was estimated as 
described by Li et al [23]. The estimated concentration of CMT-3 was 0.5//g/ml on day 1, 3.75 on day 
7,4.95 on d 14,4.8 and 3.95 jt/g/ml on day 21 and undetectable on day 45. These measurements 
assured us the levels of CMT-3 stayed at or around the cytotoxic levels during the 21-day release 
period. We next implanted, 2 x 106 cells of EGFP-PC-3ML line at subcutaneous site on the dorsal flank 
of each nude mouse NuNu (Harlan Sprague Dawley, Indianapolis, IN) under mild anesthesia. Following 
implantation, mice were randomly divided into 5 groups of 6 animals each. Animals in group 1 and 
group 2 served as vehicle control, animals in group 1 were implanted with placebo implants and 
animals from group 2 received 0.5mL 1% carboxymethyl cellulose (CMC) solution (40mg.kg/body 
weight). Animals in group 3 and group 4 were implanted with continuous release of silastic pellet 
containing CMT-3 (10mg for 21 day continuous release). Fresh suspension of CXB (40mg/kg b.wt) was 
prepared daily in 1% CMC, animals from group 4 and 5 were gavaged with 0.5ml_ CXB daily from day 1 
of tumor implantation and continued daily 30 days. Tumor growth was examined by palpating the skin 
around the site of injection. After the tumors became palpable (~ day 7), tumor volumes were measured 
three times a week, with calipers and tumor growth was estimated using the volume as the dependent 
parameter, as described before [2]. The observations are summarized in Fig 15. 

As shown in Fig 15, there was a delay (7 days) in 
tumor formation in CXB+CMT-3 treated groups as 
compared to control. Further, a 56% inhibition in tumor 
volume of CXB+CMT-3 treated mice was recorded as 
compared to the control when the size of tumor reached 
100 cubic mm. This inhibitory effect was 40% and 15% 
more than CMT-3 or CXB respectively, when administered 
singly. These preliminary results suggest that a treatment 
regimen with a judicious combination of CMT-3 and CXB 
could lead to improved therapeutic response in hormone- 
refractory prostate cancer. Current work is focused on 
identifying a good combination of CMT-3 and CXB to inhibit 
tumor growth in xenografts of EGFP-PC3ML not only 

metastatic to bone but also to treat disseminated metastases. 
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Key Accomplishments: 
• An extensive investigation of acquired chemo sensitivity and/or chemoresistance of 

tumor cells in the presence of organ specific stromal cells were investigated further by 
molecular biology techniques. Biochemical and gene expression studies (expression 
arrays) showed that inflammatory cytokines specifically secreted by stromal endothelial 
cells and fibroblasts induce chemo resistance in tumor cells. An increase in the intra-and 
extra-cellular levels of IL-1/?, IL-6 and IL-8 were observed and quantified. 
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• Role of pro-inflammatory cytokines (IL-1/?, IL-6 and IL-8) in the modulation of 

chemotherapeutic response in androgen-refractory prostate tumor cells were 
demonstrated. Using antisense stable transfectants of these three cytokines, a definitive 
proof was obtained that both IL-1 ß, and IL-6 expression increases chemoresistance and 
blocking their expression sensitizes CaP cells to cytotoxic chemotherapeutic drugs. IL-8 
seems to be involved in increasing invasive potential of CaP cells, but does not appear to 
alter chemo sensitivity to anticancer drugs. There also appear to be an inter-linking 
between the expression of IL-1 ß with that of IL-6 and IL-8. Suppression of IL-1 ß mRNA 
expression reduced the expression of IL-6 and IL-8. 

• A combination of anti-inflammatory drug (Celecoxib) and anti-metastatic/antiproliferative 
drug CMT-3 was able to synergistically increase the cytotoxicity on CaP cells. The 
increase in the cytotoxic efficacy of the drug combination was mediated by a supra- 
additive increase in apoptotic induction by the two drugs. 

• The combined oral and subcutaneous administration of Celecoxib and CMT-3 
significantly reduced tumor growth in EGFP-PC-3ML tumor xenografts in athymic mice. 
Further tuning is underway to increase the efficacy of this adjuvant chemotherapeutic 
modality. 

3. Reportable outcomes: 
A. PUBLICATIONS: (i) Published original articles: 

1. Lokeshwar BL, Selzer MG, Zhu B-q, Block NL, and Golub LM. Inhibition of cell 
proliferation, invasion, tumor growth and metastasis by an oral non-antimicrobial 
tetracycline analog CMT-3 (COL-3) in a metastatic prostate cancer model. Int. J. 
Cancer. 98:297-309, 2002. 

2. 2. Dursun D, Wang M, Monroy D, Li DQ, Lokeshwar BL, Stern M, Pflugfelder SC. 
Experimentally induced dry eye produces ocular surface inflammation and 
epithelial disease. Adv Exp Med Biol. 2002;506(PtA):647-655. 

3. Whitlatch LW, Young MV, Schwartz GG, Flanagan JN, Burnstein KL, Lokeshwar BL, 
Rich ES, Holick MF, Chen TC. 25-Hydroxyvitamin D-lalpha-hydroxylase activity is 
diminished in human prostate cancer cells and is enhanced by gene transfer. J Steroid 
Biochem Mol Biol. 2002 81:135-40. 

(ii). PAPERS IN PRESS: 

1. Li, DQ Shang TY, Kim, HS , Solomon A, Lokeshwar, BL, Pflugfelder SC. Regulated 
expression of collagenases (mmp-1, -8, -13) and stromelysins (mmp-3, -10, -11)by human 

corneal epithelial cells. Invest. Ophthalm. Vis. Sei. (In press). 

2. Dandekar, DS, Lokeshwar VB, Cevallos-Arellano, E, Soloway, MS, Lokeshwar BL. A 
orally active Amazonian plant extract (BIRM) inhibits prostate cancer growth and metastasis. 
Cancer Chemoth. Pharma. (in press). 

Cm). OTHER WORKS AND PUBLICATIONS: Published abstracts presented (or to be presented) 
at the national and international scientific meetings. 
1. Lokeshwar BL, Dandekar DS, Lopez M. Miami Nature Biotechnology Short Reports .Vol 14, 

109a, 2003. 
2. Lokeshwar BL, Dandekar DS , Lopez M. AACR Proceedings , Vol. 44, 3723a, 2003. 
3. Dandekar DS, Lokeshwar VB, Cevallos E, Lokeshwar BL. Miami Nature Biotechnology 

Short Reports .Vol 14,106a, 2003. 
4. Dandekar DS, Lokeshwar VB, Cevallos E., Lokeshwar BL. AACR Proceedings Vol 44, 648a, 

2003. 
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C.Patents:     One U.S. Patent was issued on the invention of CMTs efficacy in treating Ocular 
Rosacea (Meibomium gland disease). Title: "Method for treating meibomian gland 
disease". 
Inventors: S.G. Pflugfelder, B.L. Lokeshwar, M.G. Seizer 
U.S. patent No. 6,455,583 

D. Clinical Translational research. CMT-3: Several new trials (phase Phase II and I) have begun 
to test the potential of CMT-3 (COL-3) for treating the Kaposi sarcoma. This investigation has no 
connection with the clinical trial. 

E. Personnel: One full time Research Associate (technician), a part time Research Associate, a 
post-doctoral associate (October2001-present) and the Principal investigator worked on this 
project. 

F. Conclusions: Stromal modulation of drug sensitivity in tumor cells is mediated by over 
expression of cytokines, IL-1ß, IL-6 and IL-8. Experiments using stable generation of anti-sense 
IL-1/?, IL-6, IL-8 showed that pro-inflammatory cytokines indeed modulate chemotherapeutic 
drug response in androgen refractory prostate tumor cells. Chemotherapeutic drugs induce a 
strong expression of COX-2 mRNA. Inhibitors of COX-2 are cytotoxic to CaP cells and they 
enhance the cytotoxicity of both established and novel (e.g., CMT-3, COL-3) chemotherapeutic 
drugs. Combining an anti-inflammatory drug and chemo/antimetastatic drugs delays tumor 
growth significantly, without increasing systemic toxicity and hold promise for the development 
of neo-adjuvant chemotherapy in the battle against prostate cancer metastasis. 

G. References: 

1 Lokeshwar, B.L., Houston-Clark, H. L, Seizer, M.G., Block, N.L., Golub, L. M. Potential 
application of a chemically modified non-antimicrobial tetracycline (CMT-3) against 
metastatic prostate cancer. Adv. Dental. Res. 12:127-132, 1998. 
2.Greenwald RA, Golub LM, Ramamurthy NS, Chowdhury M, Moak, SA, Sorsa T. In vitro 
sensitivity of three mammalian collagenases to tetracycline inhibition: Relationship to bone 
and cartilage degradation. Bone, 22:33-38.1998. 
3. Seftor REB, Sefter EA, De Larco JE, Kleiner D, Leferson J, Stetler-Stevenson WG, 
McNamara TF, Golub LM, Hendrix MJC. Chemically modified tetracyclines inhibit human 
melanoma cell invasion and metastasis. Clin. Exp. Metastasis. 16:217-225,1998. 
4.Lokeshwar B.L.MMP Inhibition in Prostate Cancer. Ann. N.Y. Acd Sei. 878: 71-289,1999. 
5.Lokeshwar, B.L., Escatel, E., Zhu, B-Q. Novel cytotoxic activity and inhibition of tumor cell 
invasion by nitro-derivatives of a chemically modified tetracycline CMT-3 (Col-3). Curr. Med. 
Chem. 8:271-279, 2001. 
6.Lokeshwar B.L., Seizer M.G., Zhu, B-Q., Block, N.L., Golub, L.M. Inhibition of cell- 
proliferation, invasion, tumor growth and metastasis by an oral non-antimicrobial tetracycline 
analogue (COL-3) in a metastatic prostate cancer model. Int. J Cancer. 2002,98:297-309, 
2002. 
7.Selzer, M.G., Zhu, B-q, Block, N.L., and Lokeshwar, B. L. CMT-3, a chemically modified 
tetracycline inhibits bony metastases and delays the development of paraplegia in a rat 
model of prostate cancer. Ann. NY Acad. Sei. 878:678-682, 1999. 
8. Rudek MA, Figg WB, Dyer C, Dahut W, Turner ML, Steinberg SM, Liewehr DJ, Kohler 
DR, Pluda JM, Reed E. Phase I clinical trial of oral COL-3, a matrix metalloproteinase 
inhibitor, in patients with refractory metastatic cancer. J Clin Oncol. 19:584-592. 2001. 
9.Eamst RA, Vohra P, Kratzer FH, Kuhl HJ Jr. Effect of halofuginone (Stenorol) on Chukar 
partridge (Alectoris chukar). Poult Sei. 75:1493-5,1996. 

14 



Balakrishna L. Lokeshwar, Ph.D. DAMD17-98-1-8526 
10. Pines M, Knopov V, Genina O, lavelin I, Nagler A. Halofuginone, a specific inhibitor of 

collagen type I synthesis, prevents diemthlynitoramine-induced liver cirrhosis. J 
.Hepatol,27:391-8,1997. 

11. Elkin M, Reich R, Nagler A, Aingorn E, Pines M, de-Groot N, Hochberg A, Vlodavsky I. 
Inhibition of matrix metalloproteinase-2 expression and bladder carcinoma metastasis by 
halofuginone. Clin Cancer Res. 5:1982-8,1999. 

12. gavish Z, Pinthus JH, Barak V, Ramon J, Nagler A, Eshhar Z, Pines M. Growth inhibition 
of prostate cancer zenografts by halofuginone. 

13. Stecklair KP, Hamburger DR, Egorin MJ, Paise RA, Covey JM, Eisernen JL. 
Pharmacokinetics and tissue distribution of halofuginone (NSC 713205) in CD2F1 mice 
and Fischer 344 rats. Cancer Chemother Pharmacol. 48:375-82,2001. 

14. Xie K. lnterleukin-8 and human cancer biology. Cytokine Growth Factor Rev. 
2001;12(4):375-91. 

15. Schneider GP, Salcedo R, Welniak LA, Howard OM, Murphy WJ. The diverse role of 
chemokines in tumor progression: prospects for intervention (Review). Int J Mol Med. 
2001;8(3):235-44. 

16. Borsellino N, Belldegrun A, Bonavida B. Endogenous interleukin 6 is a resistance factor 
for cis-diamminedichloroplatinum and etoposide-mediated cytotoxicity of human prostate 
carcinoma cell lines. Cancer Res. 1995; 55(20): 4633-9. 

17. Badawi AF. The role of prostaglandin synthesis in prostate cancer. BJU Int. 2000 
Mar;85(4):451-62. 

18.Subbarayan V, Sabichi AL, Llansa N, Lippman SM, Mentor DG. Differential expression 
of clooxygenase-2 and its regulation by tumor necrosis factor-a in normal and 
maliganant prostate cells. Cancer Res. 2001, 61:2720-2726. 

19.Tjandrawinata RR, Dahiya R, Hughes-Fulford M. Induction of cyclo-oxygenase-2 
mRNA by prostaglandin E 2 in human prostate carcinoma cells. Br. J Cancer 
1997;75:1111-8. 

20. Kirschenbaum A, Liu X, Yao S, Levine AC.The role of cyclooxygenase-2 in prostate 
cancer. Urology. 2001 Aug;58(2 Suppl 1): 127-31. 

21. Liu XH, Yao S, Kirschenbaum A, Levine AC. NS398, a selective cyclooxygenase-2 
inhibitor, induces apoptosis and down-regulates bcl-2 expression in LNCaP cells. 
Cancer Res. 1998; 58(19):4245-9. 

15 



Int. J. Cancer: 98, 297-309 (2002) (&%H£>   Pl,blica"°n °f ,he ln,ernational Union Against Cancer 

© 2002 Wiley-Liss, Inc. 3^0 

DOI 10.1002/ijc.l0168 

INHIBITION OF CELL PROLIFERATION, INVASION, TUMOR GROWTH AND 
METASTASIS BY AN ORAL NON-ANTIMICROBIAL TETRACYCLINE ANALOG 
(COL-3) IN A METASTATIC PROSTATE CANCER MODEL 
Bal L. LOKESHWAR

1
*, Marie G. SELZER

1
, Bao-Qian ZHU\ Norman L. BLOCK

1
 and Lome M. GOLUB

2 

1 Sylvester Comprehensive Cancer Center and Department of Urology, University of Miami School of Medicine, Miami, FL, USA 
2Department of Oral Biology and Pathology, School of Dental Medicine, State University of New York at Stony Brook, 
Stony Brook, NY, USA 

Antibiotic forms of tetracycline exhibit antitumor activity 
in some tumor models. However, their low in vivo efficacy 
and associated morbidity limit their long-term application in 
cancer therapy. This report appraises the efficacy of doxycy- 
cline (DC) and non-antimicrobial, chemically modified tetra- 
cyclines (CMTs) against prostate cancer. Both DC and sev- 
eral CMTs inhibited prostate tumor cell proliferation in vitro. 
Some of the CMTs were significantly more potent than DC. 
One of the CMTs, 6-deoxy, 6-demethyl, 4-de-dimethylamino 
tetracycline (CMT-3, COL-3), was the most potent inhibitor 
(50% inhibition dose [Gl50] £ 5.0 jig/ml). Exposure of tumor 
cells to CMT-3 induced both apoptosis and necrosis. Mito- 
chondrial depolarization and increased levels of reactive hy- 
droxyl radicals were also observed in cells treated with 
CMT-3. Cell cycle arrest at the G0/G, compartment was 
observed in CMT-3- and DC-treated cells. DC and CMTs also 
inhibited the invasive potential of the tumor cells in vitro, 
from 10% (CMT-6) to >90% (CMT-3). CMT-3 and DC de- 
creased matrix metalloproteinase (MMP)-2, tissue inhibitor 
of MMP (TIMP)-I and TIMP-2 secretion in treated cultures 
and inhibited activity of secreted MMPs, CMT-3 was a stron- 
ger inhibitor. Daily oral gavage of DC and CMT-3 inhibited 
tumor growth and metastasis in the Dunning MAT LyLu rat 
prostate tumor. Decreases in tumor growth (27-35%) and 
lung metastases were observed (28.9 ± 15.4 sites/animal 
[CMT-3-treated] versus 43.6 ± 18.8 sites/animal [DC- 
treated] versus 59.5 ± 13.9 [control]; p < 0.01]. A delay in 
tumor growth (27 ± 9.3%, p < 0.05), reduction in metastases 
(58 ± 8%) and decrease in tumor incidences (55 ± 9%, CMT- 
3-treated) were also observed, when rats were predosed for 
7 days. No significant drug-induced morbidity was observed 
in any of the animals. These results, along with a recently 
concluded clinical trial, suggest a potential use of CMT-3 as 
an oral, nontoxic drug to treat metastatic prostate and other 
cancers. 
© 2002 Wiley-Liss, Inc. 

Key words: tetracycline; chemically modified tetracyclines; COL-3; 
prostate cancer; metastasis; metalloproteinase inhibitors; therapeu- 
tics 

Metastasis of initially localized tumor causes much of the pain, 
suffering and eventual death in about one-third of patients diag- 
nosed with prostate cancer.' At present, metastatic prostate cancer 
is incurable and is poorly palliated. This has created an urgency to 
find an effective therapy.2 

An avenue to prevent the spread of prostate tumor cells is 
inhibition of their invasive potential. Degradation of basement 
membrane, which leads to the invasion of tumor cells into the 
surrounding stroma and blood capillaries, is a critical step in 
metastasis.3 A repertoire of cell adhesion molecules, proteinases, 
their activators and their inhibitors participate in this process.4-6 

The matrix metalloproteinases (MMPs), including stromelysin and 
gelatinases that degrade the extracellular matrix, are the important 
enzymes involved in invasion and metastasis.7 An imbalance be- 
tween MMPs and their endogenous inhibitors, the tissue inhibitor 
of MMPs (TIMPs), has been observed, with the enzymes more 
active at the invasive front of the tumors.8 The paradigm proposed 
by Liotta et al.s that this imbalance may favor invasion and 

metastasis of many solid tumors, if not all, has guided many 
investigations since its proposal.9 

We previously reported that primary cultures of human prostate 
tumors secrete high levels of gelatinases (MMP-2 and MMP-9) 
and low levels of TIMPs.10 Other studies have also shown high 
levels of mRNAs for MMPs in prostate tumor tissues.1 Ul2 Natural 
or synthetic inhibitors of MMPs may therefore inhibit or slow 
tumor metastasis in general and prostate cancer in particular.13-14 

The antibiotic tetracycline and its chemically modified non-anti- 
microbial analogs (CMTs) are such agents because they are potent 
inhibitors of MMPs. 15~18 

The common tetracyclines such as doxycycline (DC) and mi- 
nocycline have a variety of antitumor properties such as inhibition 
of protein synthesis in the mitochondria,16'20 collagenolysis15 and 
angiogenesis.18 Because of these activities tetracyclines may be 
useful as antitumor agents. However, systemic administration of 
the antibiotic tetracycline over prolonged periods has limitations 
due to potential emergence of antibiotic-resistant, systemic micro- 
bial flora. Furthermore, long-term exposure to tetracycline may 
also cause additional gastrointestinal and nutritional toxicity due to 
the destruction of normal beneficial microbial flora. In addition, 
common tetracyclines have a limited in vivo efficacy due to their 
short life in circulation and rapid elimination, thus requiring rela- 
tively large continuous dosing.20 

A series of chemically modified tetracyclines (CMTs) have been 
synthesized and characterized in the hope of overcoming the 
limitations associated with the antimicrobial forms of tetracy- 
cline.21-23 Golub et a/.21 reported that removal of the dimethyl- 
amino group (CMT-1) from the carbon-4 position of the A-ring of 
the 4-ringed tetracycline structure (e.g., CMT-1) eliminates the 
antimicrobial activity of the tetracycline, while retaining the anti- 
collagenolytic activity. Further modifications of the de-dimethyl- 
amino tetracycline have resulted in CMTs with more potent anti- 
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collagenolytic activity, oral bioavailability and long-serum half- 
life.22-24 Previous reports of cytostatic activity and strong MMP 
inhibition by the antimicrobial and non-antimicrobial forms of 
tetracyclines motivated us to investigate further the efficacy of 
these drugs on prostate cancer cells in vitro and on a rat model of 
androgen-insensitive metastatic prostate tumor in vivo. 

The objective in our study was 2-fold. The first was to test the 
cytotoxic or cytostatic and antiinvasive activities of a common 
tetracycline antibiotic, DC, and 1 or more CMTs in vitro and in 
vivo. The second objective was to test whether oral administration 
of 1 or more CMTs with their enhanced anti-MMP activities and 
longer in vivo retention would be therapeutically more effective 
than that reported before. We report here that although both DC 
and 1 of the CMTs (CMT-3) show strong antimetastatic activity by 
oral administration, CMT-3 is significantly more effective as a 
cytotoxic antitumor and antimetastatic drug. 

MATERIAL AND METHODS 

Reagents 
The following non-antimicrobial CMTs were used in our study: 

CMT-1 (4-dedimethylamino tetracycline), CMT-2 (tetracycline ni- 
trite), CMT-3 (6-demethyl, 6-deoxy, 4 de-dimethylamino tetracy- 
cline), CMT-4(7-chloro 4-de-dimethylamino tetracycline), CMT-6 
(4-hydroxy-4-de-dimethylamino tetracycline), CMT-7 (12-a de- 
oxy 4-de-dimethylamino tetracycline) and CMT-8 (6-a deoxy, 
5-hydroxy 4-de-dimethylamino tetracycline). All the CMTs were 
from the laboratory of 1 of the authors (L.M.G.). Purified, GMP- 
grade COL-3 (CMT-3) was a generous gift from CollaGenex 
Pharmaceuticals (Newtown, PA). The characterization of anti- 
MMP activities of CMTs has been previously described.21^25 

TIMPs and MMP ELISA kits were from Oncogene Sciences/ 
Calbiochem (San Diego, CA). The Cell Death ELISA-Plus kit was 
from Roche Molecular Biochemicals (Indianapolis, IN). Fluores- 
cent dyes (propidium iodide, JC-1: a membrane potential-sensitive 
fluorescent dye [5',5'6',6'-tetrachloro-l,r3,3'-tetraethylbenzimi- 
dazoleyl carbocyanine iodide] and the hydroxyl free radical-reac- 
tive dye carboxyl methyl-2',7'-dichloro-dihydro carboxyl fluores- 
cein diacetate [CM-DCFDA] were from Molecular Probes 
(Eugene, OR). All other reagents were from Sigma (St. Louis, 
MO), or as indicated. 

Cells and tumor lines 
Established cell lines used in our study were the Dunning rat 

prostate tumor line MAT LyLu26 and the human prostate cancer 
cell lines PC-3ML, LNCaP, DU 145 and TSU PR1. The procure- 
ment, culture and maintenance of these cell lines in the authors' 
laboratory have been described previously.26'27 In addition, a non- 
tumorigenic human prostate epithelial cell line, BPH-1,28 was a 
gift from Dr. Simon Hayward (University of California, San Fran- 
cisco, CA). All cultures were maintained in complete medium 
(RPMI-1640 basal medium with 10% FBS [Atlanta Biological, 
Atlanta, GA] and 10 |xg/ml gentamicin [Life Technologies, Gaith- 
ersburg, MD]). MAT Ly Lu cells were cultured in the complete 
medium containing 250 nM dexamethasone.26 

Cytotoxicity assays 
Initially, 2 methods were evaluated for estimating cytotoxicity 

of CMTs and DC. These included the cellular [3H]thymidine 
incorporation assay27 and the colorimetric thiazolyl blue (MTT) 
reduction assay (tetrazolium bromide: [3-(4,5-dimethylfhiazol-2- 
y)-2,5-diphenyltetrazolium bromide).29 The details of the proce- 
dures for these methods, adapted in the authors' laboratory, have 
been previously published.27-30 Values of growth-inhibitory doses 
of DC and CMTs evaluated from [3H]thymidine incorporation or 
the MTT assay were very similar. Subsequently, the nonradioac- 
tive MTT assay was used. Drug-induced cytotoxicity was deter- 
mined in cultures with initial plating density of 2 X 104 cells/well, 
in 48-well plates as described previously.30 Stock solutions of DC 
(0.1-5 mg/ml) were prepared in sterile Dulbecco's PBS, pH 7.2. 

The CMT stocks (0.1-5 mg/ml) were prepared in sterilized 
DMSO. The final concentration of DMSO in cultures did not 
exceed 0.1%, a nontoxic concentration. Cultures incubated with 
drugs for 48 hr, in replicate wells, were assayed for viability by the 
MTT assay. All experiments were repeated at least 3 times. 

Determination of apoptotic activity 
Drug-induced apoptosis was assayed using the Cell Death 

ELISA-Plus kit (Roche Molecular Biologicals). The assay mea- 
sures the amount of free nucleosomes in cell lysates and culture 
supernatants resulting from programmed cell death and necrosis, 
respectively.31 Cell cultures were exposed to drugs in a dose- and 
time-dependent manner; culture supernatant and cell lysates were 
assayed separately for apoptotic bodies per the supplier's instruc- 
tions. Triplicate samples were used for each time- and dose- 
dependent apoptosis induction experiment. Manufacturer-supplied 
positive and negative controls and medium blank were used to 
compare the results from replicate experiments. 

Determination of depolarization of mitochondria 
We used a mitochondria-specific, lipophilic cationic probe, JC- 

l,32 to detect changes in mitochondrial membrane potential (A1?). 
Polarized mitochondrial membrane (inside negative) permits more 
accumulation of JC-1 aggregates (J-aggregates) emitting greenish 
orange fluorescence (\max ~ 590 nm) when excited at 488 nm. 
Decrease in membrane potential (depolarization) results in in- 
crease in green fluorescence (527 nm). This shift in cell fluores- 
cence is measured in a flow cytometer. Cultures were incubated 
with JC-1 for 30 min after their incubation with CMT-3 or DC for 
up to 48 hr, as detailed previously.33 Fluorescence intensity was 
profiled in a flow cytometer equipped with both a narrow bandpass 
green filter (FL1) and a long-pass green filter (>575 nm; FL2; 
EPICS XL, Beckman-Coulter, Palo Alto). Median fluorescence 
intensity of untreated and treated samples was compared in the 
green fluorescence channel (log FL1) instead of FL2, as the fluo- 
rescence associated with CMT-3 also interfered at the FL2 chan- 
nel. Increase in green fluorescence intensity (log FL1) was approx- 
imated as a decrease in AW. 

Determination of hydroxyl free radical production 
Alteration in the levels of hydroxyl free radicals in drug-treated 

cells were estimated using oxidation of a nonfluorescent analog of 
fluorescein, CM-DCFDA. This moderately polar, cell-permeable 
dye is oxidized by oxygen and hydroxyl free radicals, resulting in 
oxidized carboxyl fluorescein diacetate. Cytoplasmic esterases 
convert the carboxyl-fluorescein diacetate to hydrophilic carboxyl- 
fluorescein.34'35 The hydrophilic carboxyl fluorescein is trapped 
inside intact cells, which now emit bright green fluorescence upon 
excitation at 488 nm.36 Cellular fluorescence is then quantified by 
flow cytometry. Cultures treated with CMT-3, DC or 0.1 mM 
hydrogen peroxide for various periods were incubated with CM- 
DCFDA (1 |xg/ml) for 60 min. Unreacted DCFDA was rinsed off 
from culture after 60 min and treated cells were suspended as a 
single-cell suspension for analysis in a flow cytometer. Median 
fluorescence intensity of samples treated with drug alone, CM- 
CFDA alone or both were compared to estimate the levels of 
hydroxyl free radicals relative to untreated controls. Relative levels 
of the free radicals produced by CMT and DC, indicated by the 
positive shift in median fluorescence channel (log FL1), were also 
compared against that observed with cells treated with hydrogen 
peroxide alone. 

Determination of cell cycle phase fractions 
Drug-induced alteration in cell cycle phase progression was 

analyzed by determining the percent of cells in each cell cycle 
phase compartment by flow cytometry as described before,27 with 
modifications.37 Briefly, CaP cell cultures were treated with vari- 
ous concentrations of CMT-3 or DC for 48 hr, cells were lysed and 
the nuclei were stained with 50 |xg/ml propidium iodide (PI) 
simultaneously in a cell lysis buffer (PBS, 0.4% Nonidet p40 
(NP40) detergent, 50 u.g/ml PI). DNA contents of the stained 
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nuclei were profiled in a Coulter XL flow cytometer. The MODFIT 
LT program (Verity Software House, Topsham, ME) was used for 
cell cycle analysis of the DNA histograms.38 Experiments were 
repeated 3 times for each of the 2 cell lines analyzed. 

In vitro tumor cell invasion assay 
The effects of CMTs and DC on the invasive potential of TSU 

PR1 and Dunning MAT LyLu cells were tested using the Matrigel 
assay as described earlier.30 Briefly, the procedure used was a 
modification of Albini et a/.39 by Hussain et al.40: tumor cells, 
incubated with various drugs for 6 hr, were deposited (4 X 105 

cells/filter) in the top wells of Transwell plates (Corning/Costar, 
Boston, MA). The top wells, made from 12 (j,m pore polycarbonate 
filters, had been previously coated with a layer of Matrigel (0.5 
mm, 500 p-g/cm , Collaborative Research-BD Bioscience, Bed- 
ford, MA). The bottom well contained a chemoattractant, a serum- 
free culture-conditioned medium of human lung fibroblasts (1 
ml/well). Percent of cells in each treatment group that invaded 
through the Matrigel-coated filter in 48 hr was determined by MTT 
assay as described.30 Invasive activity (% invasion) was defined as 
the ratio of optical density (OD) from the bottom wells to that of 
the total OD (OD of bottom plus top wells), multiplied by 100. Use 
of the MTT assay allowed us to normalize the coincident cytotox- 
icity of the drugs. All assays were repeated at least 3 times. 

Determination of secreted MMP-2 and TIMPs 
Culture conditioned medium from a primary culture of a human 

prostate tumor tissue (Gleason sum 8, preoperation prostate spe- 
cific antigen [PSA] > 40) was collected and assayed using ELISA 
kits according to the supplier's instructions (Oncogene Sciences/ 
Cal-Biochem). We have previously reported the establishment and 
propagation of primary prostate epithelial cells.30 The ELISA was 
specific for human cell culture-derived MMP-2, TIMP-1 and 
TIMP-2. Levels of MMP-2 and TIMPs were normalized against 
total cell proteins, estimated using the Pierce BCA protein assay 
kit (Pierce Chemicals, Rockford, IL). 

Gelatinase activity assay 
The activity of gelatinase in the MAT LyLu cell culture-condi- 

tioned medium was determined by a modified [3H]gelatin diges- 
tion assay of Dean and Woessner.41 Serum-free culture-condi- 
tioned medium, collected from MAT LyLu cells, was chemically 
reduced (1 mM dithiothreitol) and alkylated (1 mM iodoacet- 
amide), for 30 min at 37°C and dialyzed to destroy any endoge- 
nous TIMPs, which could interfere with the MMP assay.41'42 The 
dialyzed medium was assayed for gelatinase activity after activat- 
ing the latent MMPs with 1 mM p-aminophenyl mercuric acetate 
(APMA) for 30 min at 37°C. MMP enzyme activity was assayed 
with 1 or 10 mM CaCl2, with 2 p,M ZnCl2 in the assay buffer. We 
chose 1 mM CaCl2 because it is closer to the physiologic concen- 
tration of [Ca2+]43 and compared it with the activity obtained 
using 10 mM CaCl2, which was reported to be the optimum 
concentration for assaying MMP activity.41 

SDS-PAGE and zymography 
MMPs secreted into the culture medium by cells treated with 

DC and CMT-3 were identified by electrophoresis and zymogra- 
phy as described previously.10 Conditioned medium collected from 
cultures treated with DC or CMT-3 for 2 days were incubated with 
SDS-gel sample buffer for 30 min at 21°C and analyzed by gel 
electrophoresis on a 1 mg/ml gelatin-embedded SDS-polyacryl- 
amide gel (8%).10 

In vivo studies 
Tumor generation. Dunning MAT LyLu cells harvested from 

culture flasks in 0.5 ml suspension, containing 2 X 105 to 2 X 106 

cells/ml (see Results), were implanted in the dorsal flank of adult 
male Copenhagen rats (Harlan Sprague-Dawley, Indianapolis, IN). 
The rats weighed 250-300 g and were 90-100 days old at the time 
of implanting. Tumor growth was examined by palpating the 
injection site 5 days after the implant. 

Drug treatment. DC and CMT-3 were dissolved in a 2% aque- 
ous solution of carboxymethyl cellulose (Sigma, cat. no. C-5678); 
a fresh solution was made daily. Rats were dosed by oral gavage 
with a 4-inch gavage needle daily, with either 1 ml of the drug 
solution or vehicle (2% carboxymethyl cellulose). Tumor growth 
was recorded 3 times a week and the rats' weights weekly. The 
effect of the various treatments on tumor growth was monitored 
over time by measuring tumor volumes with a caliper; the volume 
was approximated to an ellipsoid {i.e., volume = length X 
width X height X 0.5236), as previously reported.27 Tumor growth 
rate was estimated from a regression analysis of log-transformed 
tumor volumes versus time. The mean tumor growth rates (time to 
reach a fixed volume) of control and different treatment groups 
were then compared. The statistical significance of the differences 
in tumor growth rates was tested by Tukey-Rramer multiple com- 
parisons test. Rats were euthanized when the tumors reached a 
volume > 10 ml. Necropsy was done, and tumors and lungs were 
removed and fixed in formalin (tumor tissue) or in Bouin's fixative 
(lungs). Macroscopic tumor foci on the lungs were counted under 
a dissecting microscope in a blinded fashion. Fixed tumor and lung 
specimens were randomly selected for histology. Tissues were 
sectioned and stained with hematoxylin and eosin solution (Fisher 
Scientific, Fair Lawn, NJ). A veterinary pathologist examined the 
slides. 

RESULTS 

Effect of DC and CMTs on prostate cancer cell proliferation 
The effect of CMTs on cell proliferation or viability varied 

greatly. Some CMTs significantly inhibited cell proliferation, but 
others did not. As shown in Figure 1, all but CMT-7 was signif- 
icantly cytotoxic in all 3 cell lines. CMT-3 was the most cytotoxic 
among all the tetracyclines tested (GI50 2.3 ± 0.9 p-g/ml to 6.7 
(jtg/ml). CMT-7 was nearly nontoxic to all cell lines except the 
LNCaP, in which it was slightly toxic (GI50 120 ± 14.7 p-g/ml). 
We could not test the toxicity of CMTs at concentrations higher 
than 50 |xg/ml as they precipitated in the culture medium. DC 
inhibited the proliferation of LNCaP cells (GI50 6.3 (xg/ml), but it 
was much less potent in other cell lines tested (Fig. 1A and Table 
I). Presence or absence of serum in the culture medium did not 
alter the cytotoxicity of any of the CMTs or DC in the 3 cell lines 
tested (data not shown). 

Since CMT-3 was the most potent of all CMTs, we compared 
the cytotoxicity of CMT-3 with that of DC against primary culture 
CaP 139, derived from a prostate tumor specimen, and the MAT 
LyLu rat prostatic carcinoma cell line. Cytotoxicity was measured 
using the MTT assay. As shown in Table I, CMT-3 was up to 
8-fold more cytotoxic than DC to these cell cultures. The cellular 
basis of CMT-3- and DC-induced toxicity was further investigated 
by examining cytotoxic mechanisms common to other chemofher- 
apeutic drugs. 

Cell death induction by CMTs and DC 
Due to the contrasting cytotoxic actions of CMT-3 and DC, we 

chose these 2 drugs for further investigation. We reasoned that 
observed cytotoxicity may be due to necrotic or apoptotic cell 
death induced by 1 or more of these agents. Cell death ELISA 
revealed that cells incubated with CMT-3, and much more weakly 
with DC, underwent both necrotic and apoptotic cell death in a 
dose- and time-dependent manner. As shown in Figure 2, cells 
underwent apoptosis in cultures exposed to CMT-3 for 4 hr and 
longer. Among the various prostate cell lines tested, the MAT 
LyLu cell line was the most sensitive. Table II summarizes the 
results for CMT-3-induced apoptosis in various cell lines. Necrotic 
cell death was apparent in cultures treated with high concentrations 
of CMT-3 or DC (>10 p-g/ml for CMT-3 and >20 |xg/ml for DC; 
Fig. 3). Free nucleosomes were detected by ELISA in both cyto- 
plasmic and culture supernatants at these concentrations, indicat- 
ing that these drugs induce necrosis and apoptosis at high concen- 
trations (CMT-3 > 5 (jig/ml and DC > 20 |Ag/ml). CMT-3-induced 
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FIGURE 1 - Cytotoxicity of DC and CMTs in prostate tumor cell lines. Two cell lines, an androgen-sensitive, low metastatic potential cell line 
(LNCaP; a), and an androgen receptor-negative, metastatic cell line (TSU PR1; b) were exposed to DC or to various CMTs in complete medium 
for 48 h'r. The Dunning MAT LyLu cell line was similarly treated (c). Cell proliferation was measured using the MTT assay. Vertical bars 
represent the mean ± SEM from 4 independent determinations. Symbols for various CMTs are the same in all panels. 

TABLE - CYTOTOXICITY OF DC AND CMT-3 IN PROSTATE CELLS 

no1 
Gly 2 

Cell 1 
DC CMT-3 

ALVA 101 (4) 
BPH-1 (3) 
CaP 139(1) 
DU 145 (8) 
LNCaP (5) 
MAT Lylu (7) 
PC-3 (5) 
TSU PR-1 (5) 

16.67 ± 1.3" 
9.68 ± 2.45 
18.7 ±3.7 
19.8 ± 4.25 
6.3 ± 1.35 

9.09 ± 2.95 
16.55 ± 1.06 
18.64 + 5.1 

3.1 ± 0.34 
4.78 ± 1.68 

9.3 ±2.11 
2.3 ± 0.53 

2.29 ± 0.96 
2.36 ± 0.86 

4.8 ± 0.96 
6.7 ± 1.2 

'Numbers of replicate experiments are given in parenfheses- 
2Growth inhibition was calculated from linear regression of the dose- 
response curves generated for each experiment using log (dose) vs. cell 
proliferation (% of control), as shown in Figure \a-c. Correlation 
coefficient (r) was always >0.95 (negative). Results are presented as 
mean ± SEM n-g/ml (1 fxg/ml = 2.2 |xm) of at least 3 GI50 values 
calculated from each experiment. 

apoptotic activity was significantly higher than that induced by DC 
at concentrations at which their cytotoxic activity was comparable 
(Figs. 1,2). A possible pathway to drug-induced apoptosis, com- 
monly mediated by alteration in mitochondrial polarity and per- 
meability was examined next. 

Effect of CMT-3 and DC on mitochondrial membrane polarity 
(Ai//,) and production of reactive hydroxyl free radical [OH*] 

As shown in Figure 4, a significant accumulation of JC-1 was 
observed in cells treated with CMT-3. In addition, cells treated 
with CMT-3 for >90 min exhibited an increase in green fluores- 
cence, indicative of lack of J-aggregation (red fluorescence, FL-3), 
as found in control (Fig. 4). In addition, a stabilization of green- 
orange fluorescence, accumulated in the long-green fluorescence 
channels (log FL2), was also observed (data not shown), indicating 
a decrease in AW and leading to increased permeabilization. We 
next investigated a plausible cause of mitochondrial permeabiliza- 

tion. Free radical-induced cellular damage, leading to both necrotic 
and apoptotic cell death, is 1 of the most common mechanisms of 
cell kill by antibiotics in bacteria and anticancer drugs in tumor 
cells.4546 Free-radical-increased generation of hydroxyl free radi- 
cals [OH»], in cells exposed to CMT3 and DC, was examined by 
measuring the oxidative conversion of CM-CFDA to fluorescein. 
As shown in Figure 5, flow cytometric analysis of cells incubated 
with the drug revealed elevated production of [OH*] in cells 
exposed to CMT-3. Cells exposed to DC, however, did not show 
any appreciable increase in fluorescence intensity (Fig. 5). 

CMT-3 and DC affect cell cycle progression 

We observed an arrest of cell cycle progression in CaP cells 
incubated with CMT-3 or DC. Distribution of cells into various 
cell cycle phase compartments at the end of treatment with DC or 
CMT-3 is summarized in Table III. Both CMT-3 and DC induced 
arrest of cells at the G„/G, phase in both the cell lines, DU 145 and 
LNCaP. There was a significant increase in percent of cells at the 
GQ/G, compartment, from -50% in the control cell population to 
up to 85% in cells treated with CMT-3 (10 p-g/ml). Similarly, 
treatment with DC (£20 jig/ml) also increased the percent of cells 
in GQ/G! phase up to 79.2% based on the DNA content of the cells. 
This increase was mainly due to decrease in S-phase fractions, 
indicating block at the G,/S boundary. In contrast, there was no 
significant change in G2/M fractions in LNCaP cells incubated 
with CMT-3 or DC. However, incubating DU 145 cells with 
CMT-3, but not DC, resulted in a significant decrease (from 
17.6 ± 1.8% to 5.6 ± 5.6% [at CMT-3 of 5|xg/ml] and 7.0 ± 5.5% 
[at CMT-3 of 10 p.g/ml], p < 0.003 for both treatment concentra- 
tions) in both S-phase and G2/M phase fractions. Similar results 
were obtained for another androgen-independent CaP cell line, 
PC-3 (data not shown). 

Effect of DC and CMTs on invasive/metastatic potential of 
prostate cancer cells 

Since tetracycline is a known inhibitor of MMPs, including 
those associated with invasion and metastasis,17 we next tested 
antiinvasive activity of CMTs and DC on a highly invasive human 
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FIGURE 2 - Induction of apoptosis in prostate cancer cells by CMTs. Relative quantities of free nucleosomes in the culture supernatant of CaP 
cells, incubated with or without CMT-3 and DC for 48 hr, were estimated using the Cell Death ELISA-Plus kit. The ordinate represents specific 
OD. Note that apoptotic bodies in the culture supernatants of treated LNCaP and PC-3 cells were less than that for DU 145 and MAT LyLu 
cultures. The data presented for supernatants represent the accumulated free nucleosomes, resulting from apoptosis and necrotic cell death. Data 
presented are mean ± SEM (error bars) from 3 independent experiments. [Reprinted from Lokeshwar 1999,77 with permission from the 
publisher.] 

 TABLE II - CMT-3- AND DC-INDUCED PROGRAMMED CELL DEATH  

Apoptosis dected 

MAT LyLu LNCaP 

Range of concentration1 (n-g/ml) 

Minimum duration of exposure (hr)2 

Replicate experiments  

1-10 (CMT-3) 
5-20 (DC) 
4 (CMT-3) 

24 (DC) 

5-10 (CMT-3) 
>20 (DC) 
4 (CMT-3) 

24 (DC) 
4 

5-10 (CMT-3) 
>20 (DC) 
4 (CMT-3) 

24 (DC) 
4 

2.5-10 (CMT-3) 
>20 (DC) 
4 (CMT-3) 

24 (DC) 
4 

1 Free nucleosomes were detected (specific OD > 0.1) in the cell lysates when assayed 48 hr after treatment.-2Cultures were exposed to CMT-3 
(5 |i,g/ml) or DC (10 |j.g/ml) from 1 to 24 hr, and cell lysates were assayed 24 hr after exposure. An OD of 0.1 from untreated control was taken 
as the specific due to apoptosis activity. 

(TSU PR1) and a rat cell line (MAT Ly Lu) using an in vitro 
(Matrigel) invasion assay.39 As shown in Figure 6, DC and CMTs 
inhibited invasive activity of these 2 cell lines. However, once 
again the potency of various CMTs varied greatly (Fig. 6). For 
example, CMT-3 was the most potent and CMT-7 was the least 
potent inhibitor of invasive activity of TSU PR1 cells. The 50% 
inhibition dose (IC50) calculated for various CMTs varied from 
1.7 ± 0.31 (jug/ml (CMT-3) to >100 |i,g/ml for CMT-7. DC was 
not significantly inhibitory in TSU PR1 cells (IC5 27 ± 4.3 
jig/ml). The IC50s of CMT-3 and DC for 3 other invasive human 
prostate cancer cell lines (DU 145 and PC-3) were also in the same 
concentration range as that for the TSU PR1 cells (data not 
shown). CMTs affected the invasive potential of MAT LyLu cells 
similarly (Fig. 6b). However, compared with the TSU PR1 cells, 

DC was significantly more effective in the MAT LyLu cells (68 ± 
4.2% inhibition at 5 u,g/ml; Fig. 6b). 

Effect of CMT-3 and DC on gelatinöse activity 

First we examined whether CMT-3 and DC inhibit the activity 
of MMPs secreted by the cells into the culture medium. TSU PR1 
and MAT LyLu cells were cultured in a serum-free medium for 48 
hr. Culture-conditioned media were then assayed for MMP activity 
using [3H]gelatin as the substrate, in the presence of DC or 
CMT-3. As shown in Table III, both CMT-3 and DC inhibited 
MMP activity in vitro. At 1 mM CaCl2, the IC50s of CMT-3 and 
DC were -0.5 and 2.25 |xM, respectively. At 10 mM CaCl2, the 
IC50 for CMT-3 was -5.5 (AM and that of DC was 10.0 \M 
(Table IV). 
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FIGURE 3 - CMT-3-induced apoptosis and necrosis in MAT LyLu 
cells. To distinguish between drug-induced apoptosis and necrotic cell 
death in tumor cells, cell lysatcs and culture medium were both 
assayed for free nucleosomes. (a) Drug-dependent induction of apo- 
ptotic or necrotic cell death, after incubation for 24 hr. Note: The 
supernatant contained the sum of free nucleosomes due to both ne- 
crotic and apoptotic cell death, as a result of cell lysis, (b) Analysis of 
time-dependent induction of apoptosis or necrosis. Bars represent 
mean ± SEM from 3 independent experiments. 

Inhibition of MMP secretion/production by CMT-3 and DC 

Next we examined whether CMT-3 and DC also affect the 
levels of production (synthesis and/or secretion) of 2 gelatinases, 
MMP-2 and MMP-9 by prostate tumor cells.10 MMP levels in 
serum-free conditioned media from drug-treated cultures were 
analyzed by SDS-PAGE and zymography.10 A typical zymogram 
is shown in Figure 7. As shown in this figure, TSU PR1 cultures 
predominantly secreted latent forms of MMP-2 and MMP-9 (Fig. 
la,b), whereas the MAT LyLu cells secreted activated MMP-2 (62 
kDa form) and little MMP-9 (Fig. lc,d). Incubation with CMT-3 or 
DC decreased the secretion of MMPs in a dose-dependent manner. 
As appears in Figure 7, cells treated with CMT-3 secreted signif- 
icantly less MMP than the cells treated with DC. Moreover, 
MMP-9 levels did not decrease significantly even at the highest 
concentration of DC tested (50 p-g/ml). Presence of the drug in the 
conditioned medium used in the gel did not interfere with the 
digestion of gelatin after electrophoresis; most likely all the bound 
CMT-3 or DC had diffused out of the gel during electrophoresis 
and washing steps. 

To establish further that the observed decreases in MMP levels 
in conditioned medium are indeed due to the drug-induced inhi- 
bition of MMP production/secretion, protein levels of MMPs were 
measured by an ELISA that uses a monoclonal anti-MMP-2 anti- 
body. Initial measurement of MMP-2 protein levels in TSUPR1 
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FIGURE 4 - Decrease in mitochondrial membrane potential in cells 
treated with CMT-3. Fluorescence intensity of CaP cells incubated 
with CMT-3 (5 |i.g/ml) for various periods and with JC-1 for 30 min 
was estimated by flow cytometry as described previously.31 Median 
fluorescence intensity, log FL1 (green fluorescence, narrow pass filter 
X = 530 nm) is taken as that proportional to the amount of JC-1 
present inside the cells in an unaggregated form. Unaggregated JC-1 
accumulation is indicative of a decrease in mitochondrial membrane 
potential, A^.32 Bars represent mean ± SEM from 3 independent 
determinations. 

conditioned medium exhibited levels of MMP below the detection 
limits (<10 ng/ml). However, MMP-2 protein levels were mea- 
surable in a primary prostate tumor-derived culture, CaP 139. As 
we have reported before, the primary cultures typically secrete a 
10-fold higher amount of MMP-2 than that of common established 
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FIGURE 5 - Increase in free radical generation in CMT-3-treated 
cells. Fluorescence intensity of cells incubated with CMT-3 (5 |xg/ml), 
DC (10 (xg/ml) and CM-DCFDA (10 u.g/ml), alone or together, was 
compared by flow cytometry. Cells incubated with CMT-3 and DC 
emitted weak green fluorescence. Histograms in the top panel repre- 
sent the fluorescence intensity of DU 145 cells incubated with CMT-3 
alone, DCFDA alone or DCFDA + H202, CMT-3 + DCFDA or 
DC + DCFDA. Cells incubated with DCFDA alone fiuoresced sig- 
nificantly; this was further increased significantly when a free radical- 
generating agent (hydrogen peroxide) was added. Data are from 3 
independent experiments. *, fluorescence levels significantly different 
from that of control (p < 0.04). 

CaP cell lines.10 We found a dose-dependent decrease in the levels 
of MMP-2 secreted by the CaP 139 cells treated with CMT-3 or 
DC. MMP-2 levels decreased by 51 and 74% at 20 (xg/ml DC and 
10 (j,g/ml CMT-3, respectively (Table V). Although traces of 
MMP-9 were detected by zymography, MMP-9 levels even in 10X 
concentrated medium were below the minimum detection levels of 
ELISA. 

Levels of TIMP-1 and TIMP-2 in CMT-3- and DC-treated 
cultures 

Since the MMP-dependent invasion process may also depend on 
the levels of their endogenous inhibitors, TIMP-1 and TIMP-2, we 
measured TIMP-1 and TIMP-2 levels in CMT-3- and DC-treated 
cells (Table V). We observed a decrease in the levels of TIMPs 
secreted by CaP 139 cells treated with CMT-3 or DC. The de- 

creases in TIMP-1 levels were 33 and 38% at 10 and 20 u,g/ml of 
CMT-3 or DC, respectively. These decreases are significantly less 
than those determined for MMP-2 (p < 0.05, Mest). Similarly, 
levels of TMP-2 were also decreased by 10.27 and 21.75% respec- 
tively, in CMT-3 (10 u.g/ml) and DC (20 |xg/ml) treated cultures. 
As noted above for TIMP-1, decreases in TIMP-2 levels were also 
significantly less than the decrease in MMP-2 levels under com- 
parable treatment conditions (p < 0.04, t-test). 

Effect of DC and CMT-3 on Dunning tumor growth and lung 
metastasis 

Due to the multiple effects of CMT-3 and DC on prostate cancer 
cells, we next examined whether CMT-3 and DC show antitumor 
activity in vivo. Although CMT-2 was comparable in efficacy, it 
was not tested in vivo because of its poor bioavailability (Golub et 
ai, unpublished observation). In the first experiment, we started 
treating the animals with drugs on the same day as we implanted 
1 X 106 tumor cells. Tumors were palpable (> 0.1 cm3) after 6 
days in more than 50% of the animals in all treatment groups. 
Tumors increased in volume rapidly, reaching >10 cm3 at 15 days 
post implant. Regression analysis of tumor volumes showed no 
significant difference in the primary tumor growth between the 
control group and the DC- or CMT-3-treated groups (Fig. 8a). 

The mean duration for the growth of a 1 cm3 tumor was 10.3 ± 
2.12 days in the control group and 12.0 ± 1.9 days in the CMT- 
3-treated group. Tumors in the control group, as well as from the 
drug-treated groups, developed a highly necrotic center as the 
tumors grew to a size of >10 cm3. 

Tumor foci were visible in lungs fixed in Bouin's fluid. Typi- 
cally, they were <1 mm in diameter from all the treatment groups. 
As illustrated in Figure 8b, lungs in the control group had 59.5 ± 
13.9 metastatic tumor foci (MTF)/rat (mean ± SD). The animals 
treated with DC had 39.7 ± 17.2 and 43.6 ± 18.8 MTF/rat in the 
low-dose (20 mg/kg) and high-dose (40 mg/kg) treatment groups, 
respectively. The most significant reduction in lung MTF (28.9 ± 
15.4 MTF/rat) occurred in those rats treated with a high dose of 
CMT-3 (40 mg/kg): 51% reduction in MTF as compared with that 
of the control group (p < 0.01, Tukey-Kramer multiple compari- 
son test). Histologie examination of the tumor foci did not reveal 
any apparent differences among the various treatment groups (data 
not shown). 

In an attempt to increase the efficacy of therapy, a predosing 
drug regimen was next employed and combined with a reduction 
in the number of tumor cells implanted. Since recent studies 
indicate rapid extravasation of tumor cells from the capillaries,5 we 
reasoned that a sustained serum level of the drugs should reduce 
the incidence of growth and metastasis of the injected tumor cells. 
In addition, we thought that reducing the tumor cell inoculum 
should increase the tumor latency. Therefore, 2 modifications to 
the first experiment were introduced: (1) rats were predosed with 
DC or CMT-3, both at 40 mg/kg, with daily gavage for 7 days; and 
(H) the tumor cell inoculum was reduced to 2 X 105 cells/animal 
from the previous dose of 1 X 106 cells/site. Due to the decrease 
in the cell inocula, the tumor latency increased from 6 to 9 days in 
the control group. However, there was no change in the tumor 
growth rate in the control group, once the tumors became palpable 
(see below). 

As shown in Figure 9a, tumor incidence was >90% in control 
and DC-treated groups in 3 independent experiments. Interest- 
ingly, the tumor incidence in CMT-3-treated rats varied from 28% 
(2/7) to 85% (6/7) in 4 separate experiments. This was significantly 
lower (55 ± 9%) than that for control or DC-treated groups. The 
rats with no primary tumor incidence remained tumor-free for up 
to 6 months, at which time they were euthanized. No histologically 
identifiable tumor focus was observed at the site of injection or in 
the lungs. In addition, among the rats in the CMT-3-treated group 
that developed measurable tumors (<50%), tumor growth in the 
CMT-3-treated group was significantly slower, 20.2 ± 3.5 days 
(CMT-3-treated) versus 15.9 ± 2.0 days (control) versus 16.7 ± 
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TABLE HI-CELL CYCLE PHASE COMPOSITION OF CMT-3- AND DC-TREATED CELLS1 

Untreated 
(control) 

CMT-3 DC 
Phase 

5|i g/ml 10 jig/ml 5 fig/ml 10 ig/ml 20 xg/ml 

LNCaP cells 
G0-G1 51.8 ±4.8 74.5 ±4.1 78.0 ±4.2 75.0 ±4.1 75.2 ±3.8 70.0 ±5.6 
S 32.7 ±4.8 6.6 ±4.1 5.1 ±4.1 10.4 ±4.2 5.0 ± 3.8 5.5 ±5.6 
G2-M 15.5 ±4.8 18.9 ±4.8 17.0 ±4.1 14.8 ±4.1 20.0 ±5.0 24.6 ±5.6 

DU 145 cells 
GO-GI 47.5 ±5.2 78.6 ±5.4 85.3 ± 5.5 59.4 ±5.2 79.2 ±5.4 79.1 ±5.4 
S 34.9 ±5.2 15.9 ±5.6 5.1 ±4.1 26.7 ±5.7 5.8 ±5.4 5.5 ±5.6 
G2-M 17.6 ± 1.8 5.6 ±5.6 7.0 ±5.5 13.9 ±5.2 15.0 ±5.4 12.8 ±5.6 

'Cell cycle phase composition of prostate cancer cells treated with either CMT-3 or DC was determined by flow cytometric analysis of 
propidium iodide (Pl)-stained nuclei as described in Material and Methods. Data for each phase were extracted from analyzing histograms 
obtained from flow analysis of long-pass red filter PMT signals (PI staining) using ModFit LT software (Verity Software House). Percent of cells 
in a given phase shown is from 3 independent experiments for both cell lines. 

1.9 days (DC, 40 mg/kg) to reach a tumor volume of 3 cm3. 
Interestingly, in 2 separate experiments, we observed tumor re- 
gression in 20 and 30% of CMT-3-treated groups. In these animals 
tumors were palpable (volume £ 0.01 cm3) at 8-10 days after 
tumor cell injection at the primary site but did not increase in 
volume and disappeared (impalpable) 4-7 days later. These ani- 
mals remained tumor-free for up to 6 months. Although there was 
a significant reduction in tumor incidence and growth rate, pre- 
dosing the animals with CMT-3 did not further enhance the inhi- 
bition of tumor metastasis to lungs. The MTF in CMT-3-treated 
animals was 46.3 ± 6.7 versus 74.2 ± 6.4 in control, a 37.6% 
reduction (p < 0.01). 

Toxicity and adverse reactions to DC and CMT-3 
None of the 142 animals used in our study demonstrated adverse 

effects of drug treatments, such as irritability, hypersensitivity to 
light, hair loss or diarrhea. As a gross measure of normal tissue 
injury, plausibly caused by DC or CMT-3, animals were weighed 
before, during and after treatment. In all experiments, we found no 
significant weight loss in any groups. The animals gained 1.5- 
3.2% of their weight during the 4-week treatment (with tumor 
measurement) and gained an additional 8-12% of their weight 
during the 6 months of posttreatment observation. These weight 
gains were similar to the weight gain in naive animals of matching 
age. 

DISCUSSION 

The results presented above show that DC and various CMTs 
inhibit multiple aggressive activities of tumor cells including cell 
proliferation, invasion, secretion of MMPs, primary tumor growth 
and metastasis. Possible mechanisms of these actions are dis- 
cussed. 

Tetracycline and cytotoxicity 
In bacteria and protozoa the principal toxic action of tetracycline 

is disruption of 30S ribosomal protein synthesis,47 a component 
that is absent in higher eukaryotes. We propose that tetracycline 
and CMTs may induce inhibition of cell proliferation of mamma- 
lian cells by at least 2 mechanisms, occurring in both cytoplasmic 
and mitochondria! compartments. Kroon and colleagues16-20 hy- 
pothesized that tetracycline acts as a cytostatic drug since it inhib- 
its protein synthesis in mitochondria and decreases the activity of 
cytochrome C oxidase. Results presented here show that tetracy- 
cline and its nonantibiotic derivatives (e.g., CMT-3) are cytotoxic. 
Reduction of tumor cell viability (reduction in MTT reduction) and 
increase in apoptotic activity both support this conclusion. De- 
crease in conversion of MTT into insoluble formazan may be the 
result of DC and CMT-3 inhibiting mitochondrial function and 
reducing the cytoplasmic pyridine nucleotide pool, NADH and 
NADPH.484f) Furthermore, we have reported previously that 
CMTs and DC inhibit clonal survival of prostate tumor cells.50 

Cytotoxic activity shown by analogs of tetracycline, with or with- 
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FIGURE 6 - Inhibition of invasive potential of tumor cells by DC and 
CMTs. Cells in the top chamber and those that had invaded the 
Matrigel-coated filter after 48 hr were quantitated (invasion index) 
using the MTT assay. The invasion index was defined as the ratio 
between the OD of the reduced MTT (formazan) in the bottom wells 
to the total OD (bottom plus the top wells). The invasion index of the 
control (0.1% DMSO) wells was 22 ± 8.3 % for TSU PR1 cells (a), 
and 17 ± 4.2 for MAT LyLu cells (b). DMSO (0.1%) had a negligible 
effect on the invasion index. Results presented are from 3 independent 
experiments. 
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TABLE IV-INHIBITION OF MMP ACTIVITY BY CMT-3 AND DC 

% Inhibition (mean ± SEM)1 

concentration CMT-3 Doxycycline 
(ixM) 

1 mM CaCl,2 10 mM CaCl,3 1 mM CaCl,2 10 mM CaCl,3 

0.25 47.2 ± 3.6 20.7 ± 4.9 35.3 ± 2.7 0.0 
0.50 64.4 ± 8.3 31.7 ± 6.5 44.8 ± 7.6 0.0 
1.0 84.8 ± 10.1 37.8.1 ± 7.5 54.8 ± 0.6 0.0 
2.0 96.7 ± 4.6 45.1 ± 2.9 77.4 ± 2.9 32.7 ± 11.4 
10 97.2 ± 2.9 52.4 ± 3.5 87.5 ± 2.8 64.3 ± 19.5 
20 100 69.9 ± 10.5 91.15 ± 3.3 75.5 ± 3.3 
100.0 100 94.2 ± 3.3 100 93.2 ± 2.7 

'inhibition of gelatinase activity by CMT-3 or DC was calculated from the activity (expressed as ng of 
[3H]gelatin solubilized/min/ml) of MAT LyLu conditioned medium. Culture-conditioned medium was 
incubated with [3H]gelatin in the presence of various concentrations (0-100 (xM) of either CMT-3 or DC 
and 1 or 10 mM CaCl2, at 37°C for 4 hr. The assay was conducted as described in Material and Methods. 
Data presented are from 3 independent experiments. Inhibition of gelatinase activity was significantly 
different between 1 and 10 mM Ca2+ concentrations for both CMT-3 and DC at 0.25-20 p,M concen- 
trations, tested independently for both drugs (p < 0.05 for all groups, t-test).-2Total gelatinase activity in 
the presence of 1 mM CaCl,, without inhibitors (control), was 18.95 ± 3.18 ng [H]gelatin digested/ 
min/ml of the dialyzed culture-conditioned medium-3Total gelatinase activity in the presence of 10 mM 
CaCl, without inhibitors (control) was 48.92 ± 2.7 ng/min/ml. 
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FIGURE 7 - Zymographic detection of gelatinases secreted into the conditioned media from cultures treated with CMT-3 or DC. Culture 
conditioned media (15 (jJ/lane, equivalent to 5 X 103 cells) from TSU PR1 (a,b) and MAT LyLu (c,d) cells were separated by SDS-PAGE (8% 
polyacrylamide) on a gelatin-embedded (1 mg/ml) gel and zymography. The positions of purified MMP-2 and MMP-9 are indicated. Note: the 
major fraction of MMP-2 from MAT LyLu (bottom) cell conditioned media was active (Mr ~ 64.000), whereas most of the TSU PR1 (top) 
MMP-2 was in the latent form (Mr 72,000). 

out antimicrobial activity, shows that tumor cell cytotoxicity is 
independent of its antibiotic action. 

We report here that CMT-3 is a specific and potent inducer of 
apoptotic cell death. Our selection of the assay system to measure 
apoptosis, the Cell Death ELISA-Plus kit, facilitated distinction 
between CMT-3- and DC-induced programmed cell death and 
necrosis. CMT-3 not only induced apoptosis but also caused ne- 
crotic cell death; the latter was increased at higher concentrations 
of the drug (slO |JLg/ml). Although necrotic cell death is often 

termed "nonspecific cell death," tetracycline-induced cell lysis 
may be attributable to the ability to complex and sequester divalent 
cations such as Ca2+, Fe2+ and Zn2+, thus leading to cell ly- 
sis.51"53 The minimum incubation time required for CMT-3 to 
induce apoptosis was 4 hr (Table II), similar to the time interval for 
detectable depolarization of mitochondria (a decrease in A1?, Fig. 
4). This time range was also similar to the maximum increase 
observed in cellular [OH-] (Fig. 5). The cellular [OH-] levels in 
cells exposed to CMT-3 for 4 hr or more were comparable to those 
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TABLE V-INHIBITION OF MMP-2 AND TIMP-1 PRODUCTION BY CAP 139 CELLS BY CMT-3 AND DC1 

Drug (p-g/nil) MMP-2 TIMP-I2 TIMP-23 

No drug, control 
CMT-3 

1.0 
5.0 
10.0 

DC 
1.0 
5.0 
10.0 
20.0 

65.9 ± 2.2 (0)4 

43.1 ± 1.6(35) 
28.6 ± 1.1 (56.7) 
17.3 ±8.3(74.0) 

58.9 ± 1.64(10.6) 
63.8 ± 1.1 (3.0) 
52.7 ± 0.8 (20.0) 
32.3 ± 1.3(50.9) 

230 ± 11.2(0) 

187.3 ±5.5(18.5) 
170.0 ± 7.5 (26.3)* 
144.3 ±2.4(37.9)* 

193.3 ± 17.3(16.0) 
188.1 ±2.8(18.2) 
169.0 ±5.68 (26.5) 
156.1 ±3.8(32.7) 

18.2 ± 1.15 

17.64 ±0.5 (3.13) 
16.53 ±0.84(9.22) 
16.59 ±0.61 (10.27) 

17.29 ±0.38 (5.05) 
16.1 ±0.46(11.87) 

15.86 ± 1.64(12.9) 
14.25 ±0.79 (21.75) 

'MMP-2 and TIMPs in the drug-treated CaP 139 culture-conditioned medium were measured using 
ELISA kits (Oncogene Sciences). Amount of MMP-2 or TIMP proteins in the assay medium was 
calculated from a standard graph using assay standards provided in the kits. MMP-9 levels measured using 
a similar but separate assay kit was below the detection limit of the kit (<10 ng/ml conditioned medium). 
Data are ng/mg (mean ± SD), with percent reduction in parentheses.-2In data marked with an asterisk, 
the levels were significantly different from untreated cultures (control) (p < 0.05, Mest).-3TIMP-2 levels 
from drug-treated cultures did not significantly differ form control levels (p > 0.05, r-test).-4Data shown 
are from a single experiment with replicate (4) samples. 
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FIGURE 8 - Effect of DC and CMT-3 on growth and metastasis of 

Dunning tumor in rats. Tumor growth was initiated by injection of 1 X 
105 tumor cells s.c. Drug dosing began the same day. (a) Growth 
profile of all tumors, (b) Number of metastatic tumor foci in lungs 
(mean ± SD). The doses of drugs, 5 and 10 mg/day, are actual 
amounts used in the gavage for a rat weighing —250 g: this amounts 
to 20 and 40 mg/kg/day, respectively. 

found in unexposed cells, indicating possible interaction of [OH-] 
with their cellular targets and destruction of polarity of mitochon- 
dria] membrane. As shown in many types of cells including cardiac 
myocytes, release of reactive oxygen species is accompanied by 
mitochondria! depolarization.54 Mitochondrial depolarization is 

frequently observed in cells undergoing apoptosis.52 Therefore, it 
is compelling to conclude that CMT-3-induced apoptosis in CaP 
cells is associated with depolarization of mitochondria. Cytotoxic 
activity of CMTs by necrotic mechanisms may be irrelevant to 
their clinical application; in preclinical trials the peak plasma 
levels rarely reached <5 |JLg/ml without causing severe toxicity.55 

Therefore, induction of apoptosis is likely to be of major signifi- 
cance to potential application of CMTs in the clinic. 

In addition to the induction of apoptosis, cell cycle progression 
was blocked in cultures exposed to CMT-3 and DC. A significant 
increase in accumulation at the Gy/G, phase and a decrease in 
S-phase fractions was observed in both androgen-sensitive LNCaP 
and androgen-insensitive DU145 cells. This G,/S transition block 
is indicative of the inhibition of biochemical processes such as 
inhibition of cell cycle phase transition-related cyclin-dependent 
kinases.56 

CMTs and antiinvasive activity 
We have presented results showing evidence of the antiinvasive 

activity of DC and CMTs. DC and several CMTs inhibited inva- 
sive activity in both human and rat CaP cells. Since the invasion 
process is complex and involves both tumor cell motility and the 
ability to degrade basement membrane, our evidence suggests that 
the antiinvasive activity of CMT and DC is predominantly due to 
their anti-MMP activity. CMT-3 and DC not only inhibited the 
activity of secreted MMPs (MMP-2 and MMP-9) but also signif- 
icantly decreased the production and/or secretion of these enzymes 
(Table V, Fig. 6). Interestingly, both TIMP-1 and TIMP-2 levels 
were much less inhibited by DC or CMT-3 than that for MMPs 
(Table V). This suggests that CMT-3 reduces invasive activity of 
tumor cells not only by binding to active MMPs and inhibiting 
their synthesis/secretion, but also by not affecting TIMP-1 and 
TIMP-2 levels significantly. Stearns et al.51 have reported that the 
cytokine interleukin-10 (IL-10) decreases MMP levels in CaP 
cells, while simultaneously increasing TIMP-1 expression. Prelim- 
inary studies in our laboratory indicate that CMT-3 actually re- 
duces the expression of IL-10 and other immunomodulatory cyto- 
kines such as IL-lß in some CaP cells such as the PC-3 cell line 
(unpublished observations). It is thus possible that the decrease in 
MMP-2 levels in CMT-3-treated cells is primarily due to the effect 
of CMT-3 and is not mediated by cytokine-mediated pathways. 

We observed that CMT-3 and DC significantly reduced but did 
not abolish invasive activity (Fig. 7). This partial inhibition could 
be attributable to other proteinases secreted by tumor cells that are 
not inactivated by these drugs. An example is urokinase-like 
plasminogen activator (uPA), a serine proteinase that also facili- 
tates invasion and metastasis.40 It has been reported that DC or 
CMTs do not inhibit uPA secretion or activity.58 However, they 
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FIGURE 9 - Effect on tumor incidence and metastasis of predosing 
the rats with DC and CMT-3. (a) Tumor incidence. The experiments 
were conducted as described in Material and Methods. Animals with- 
out palpable tumors at the site of injection were considered tumor-free. 
The percentage of animals belonging to the CMT-3 treatment group in 
which tumors were resorbed varied between 20 and 30% in 3 separate 
experiments (2/10, 2/7 and 3/10, respectively). No tumor resorption 
was observed in other experimental groups. Data are mean ± SD. (b) 
Tumor foci in lungs. Data are mean ± SD from all animals in which 
the primary tumors grew to a size of slO cm3. Tumor foci were 
counted manually under a 2.5 X magnifying lens. Specimens were 
selected randomly to avoid bias. 

may inhibit other serine proteinases that activate MMPs, such as 
trypsinogen-2.59 Recently, Meng et al.60 showed that CMT-3 and 
CMT-8 also inhibit proliferation and invasive potential of 
MDAMB-468 human breast tumor cells. In addition, CMT-3 in- 
creased the expression of E-cadherin, catenins and BRACA1, a 
tumor suppressor. That report, along with ours, suggests a potential 
application of CMTs in early treatment for metastatic disease. 

CMT and antitumor activity 

A combined antitumor and antimetastatic efficacy of CMT-3, an 
orally administered tetracycline analog, is a significant finding of 
our study. Although administration of DC or CMT after tumor 
implant caused insignificant inhibition of primary tumor growth, 

inhibition of tumor metastasis was significant (Figs. 8,9). How- 
ever, predosing rats with the drug caused a delay in primary tumor 
growth. It is unclear at present why primary tumor growth was 
unaffected if the dosing began after tumor implant. It is plausible 
that a significant fraction of tumor cells survive in vivo if drug 
dosing is initiated after tumor cells are implanted. However, pre- 
dosing may result in significantly higher plasma levels of CMT-3 
(>10 |JLg/ml), would be sufficient to kill most of the tumor cells. 
The selection of 7 days as the predosing period was arbitrary. 
Rodman et al.55 (using the alternate term COL-3 for CMT-3) have 
shown that the absorption half-life is 5.4 hr and the elimination 
half-life is 7.1 hr after a single oral dose in rats. Furthermore, they 
reported that a significant amount remained in the circulation after 
48 hr. In their studies, the plasma levels of CMT-3, after a single 
daily gavage of CMT-3 (30 mg/kg), exceeded the concentration 
required to inhibit the gelatinases by more than 2-fold. Taking our 
results together with these findings, it is possible to conclude that 
the enhanced efficacy of CMT-3 against tumor growth and metas- 
tasis over DC or other tetracyclines could be due to sustained high 
levels of CMT-3 in plasma. 

Predosing the animals for 7 days with CMT-3 before implanting 
tumor cells also caused significant tumor remission and a remark- 
able reduction in tumor incidence. Tumor cell cytotoxicity com- 
bined with disruption of MMP-dependent early extravasations and 
angiogenesis6162 might have contributed to the reduced tumor 
incidence and tumor remission. It is possible that an immune- 
mediated response may a play part in abolishing tumor incidence 
in predosed animals. Although at present MAT LyLu cells are 
poorly immunogenic in syngenic Copenhagen (COP) rats, both 
bilateral tumors and regrowth of ablated tumors have been ob- 
served in this system, indicating a lack of tumor immunity in this 
model.63 The absence of these effects by DC is not surprising. 
Although DC was able to inhibit invasive activity of MAT LyLu 
cells in vitro (present report) and is capable of inhibiting angio- 
genic activity,64 its low tumor cell cytotoxicity and low peak 
plasma levels (<2.5 (Jig/ml22) may have limited its efficacy in this 
model. An enhanced efficacy of CMT-3 upon predosing shows that 
CMT-3 treatment can be effective if dosing is started even before 
clinical signs are apparent. This dosing schedule may be effica- 
cious in situations such as immediately after surgical removal of 
malignant prostate or as adjuvant to radiation in the palliative 
treatment of metastatic disease. 

The overall effectiveness of CMT-3 (demonstrated by a reduc- 
tion in tumor incidence, tumor remission and decreased tumor 
metastasis in the Dunning MAT LyLu model) indicates that it also 
has a potential application in advanced hormone-refractory pros- 
tate cancer in men. Oral bioavailability, with minimal adverse 
reactions within a tolerable dose, suggests that it could be used as 
an adjuvant to hormone ablation or radiation therapy in prostate 
cancer. Similar studies in other models of cancer, notably mela- 
noma and sarcoma, have also shown efficacy of CMTs as antitu- 
mor and antimetastatic drugs.6566 Fife et al61 have reported that 
DC induces apoptosis and antiinvasive activities in PC-3 and DU 
145 cells in vitro, although the concentrations (>10 (xg/ml) at 
which these activities were elicited were higher than those that 
could be achieved safely by oral administration. 

While our work was in progress, a multicenter phase I clinical 
trial of CMT-3 (trade name COL-3, Metastat; CollaGenex Phar- 
maceuticals) was conducted by the Investigational Drug Branch, 
Cancer Therapy Evaluation Program (National Cancer Institute, 
Bethesda, MD). The study evaluated maximum tolerated dose 
(MTD) and dose-limiting toxicities in patients with refractory solid 
tumors. The study, initially involving 35 patients, demonstrated 
disease stabilization for up to 26 months in patients with nonepi- 
thelial types of malignancy. In addition, there was a significant 
reduction in plasma MMP-2 levels in the group that showed 
disease stabilization. The major dose-limiting toxicity was photo- 
sensitivity. Drug-induced photosensitivity to both UV-A and 
UV-B radiation was reported in 40-70% of patients receiving 
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COL-3 at a dose >70 mg/m2/day. Based on the results of this 
study, the investigators have recommended a daily dose of 36 
mg/nr for a phase II clinical trial.68 

Several other inhibitors of MMPs also reduce experimental 
tumor growth and metastasis in animal tumor models.1469-70 For 
example, 2 synthetic inhibitors of MMPs, Batimastat and Mari- 
mastat (British Biotechnology and Pharmaceutical, Cowley, Ox- 
ford, UK) have shown significant antitumor activity in several 
experimental tumor models including ovarian,14 colon,71 breast70 

and melanoma models.71 Recent experience, gained from clinical 
trials of various MMP inhibitors, however, shows a lack of sig- 
nificant efficacy in most of the human cancers and, furthermore, 
some are contraindicated.72-75 A few, however, have been shown 
to be capable of stabilizing the disease.75 

Some have argued that this was an anticipated result in the light 
of the stage and timing of therapeutic intervention. For example, 
Zucker et al.7'' have postulated that the therapeutic benefit of MMP 
inhibitors is seen in early-stage disease, in some tumors as soon as 
malignancy is detected. Furthermore, they have expressed concern 
that anti-MMP therapy at an advanced stage in any human cancer 

is likely to be ineffective, akin to "closing the barn door after the 
horses have escaped." Although this may be a valid concern for 
conventional anti-MMP agents in cancer therapy, CMTs may be 
potentially more effective if treatment begins at first diagnosis of 
cancer, even in situations in which clinical manifestations of the 
disease are not apparent. CMT-3 or its close derivatives have a 
potential advantage over other anti-MMP agents in that CMTs 
show antiproliferative activity against tumor cells. The antimeta- 
static and antiproliferative activity, as well as the oral bioavail- 
ability, makes this class of drug potentially more powerful than 
synthetic MMP inhibitors. 
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INTRODUCTION: Existing therapies for metastatic prostate cancer (CaP) are 
largely ineffective, partly due to the acquired drug resistance (ADRX1)- CMT-3 
(COL-3), a non-antimicrobial tetracycline analog has potent cytotoxic and anri- 
metastatic action on prostate tumors (2). Celecoxib (CXB), a strong inhibitor of 
cyclooxygenase-2 (COX-2), has shown to kill tumor cells by many mechanisms 
(3). The objective of this investigation was to demonstrate the potential of com- 
bined efficacy of CMT-3 and CXB in the treatment of prostate cancer using CaP 
cells in culture. 

METHODS: Viability of cells treated with CMT-3 or CXB, or both were quan- 
tified with MTT assay. Drug-induced apoptosis and death-inducible caspase 
activity were tested by ELISAs(2). Cell cycle fiactionation was done by flow 
cytometry. Differential gene expression analysis was performed on a 10,800- 
cDNA roicroarray using InCyte GEM Tool software. 

RESULTS: Treatment of CaP cells (PC-3ML and LNCaP) with CMT-3 (5ug/ 
mL), CXB (lOuM) or CMT3+CXB (lOuM) all decreased tumor cell viability by 
>50%, tie drug combination killed >80% of cells (Figl). As shown in Fig 1, 
CMT-3 alone inhibited cell proliferation (62%) and induced apoptosis (2-fold). 
Although, CXB inhibited cell proliferation (73%) it did not induce significant 
apoptosis. However, CMT-3 and CXB combination inhibited cell proliferation 
by 80% and caused a 4.6-fold increase in apoptosis. The fraction of cells in GO/ 
Gl phase in CMT-3 (5 ug/ml) treated samples (75.6 ± 6.5%) was significantly 
higher compared to untreated control (54.4 ± 3.4%). CXB (IOJIM) also caused 
some G0/G1 phase arrest (63.2 ± 5.0). However, the G0/G1 firaction of 
CXB+CMT-3 combination (78.9 ± 52) was not significantly different than that 
of CMT-3 treated samples. Increased cytotoxicity of CMT-3 and CXB combina- 
tion found to be correlated with increased activation of Caspase-3 (>70% in- 
crease in drug combination, compared to single drug alone (Fig 2)). Gene ex- 
pression by microarray revealed > 2 fold decrease in 22 genes in CMT-3 
treated, 89 genes in CXB treated and 77 genes in CMT-34CXB combination 
treated PC-3ML cells. The key genes that were down regulated in combination 
treatment include COX-2 (4.2x), IL-lß (7.6x), IL-8 (2.5x), VEGF-c (2.1x), and 
CxC cytokine5 
(14.5x). 

ol  O.fr 

CMT-3.CXB CONCLUSION: These results demon- 
strate the enhanced cytotoxicity of the 
CMT-3+CXB combination may be medi- 
ated via enhanced activation of caspases, 
and suppression of survival promoting 
cytokines. Further, these results suggest 
that use of CMT-3 and CXB together could 
lead to an improved therapy in advanced 
prostate cancer. (NIH R01CA61038; 
DAMD1718526) 
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#3723    Synergistic increase in efficacy of an antimetastatic drug (CMT-3) ^ 
combined with an anti-inflammatoiy drug (celecoxib) in prostate cancer. Bal- > 
akrishna L. Lokeshwar, Devendra S. Dandekar, and Monica Lopez. University of 
Miami School of Medicine, Miami, FL. 

INTRODUCTION: The median survival of patients with androgen-refractory 
prostate cancer is less than two years," therefore, an opportunity exists to improve the 
efficacy of existing therapies or develop new therapies (1). CMT-3 (COL-3), a 
non-antimicrobial tetracycline analog has potent cytotoxic and anti-metastatic ac- 
tion on prostate tumors (2); Celecoxib (CXB), a strong inhibitor of cyclooxygen- 
ase-2 (COX-2), has shown to kill tumor cells by many mechanisms. The objective 
of this investigation was to demonstrate the potential of combined efficacy of 
CMT-3 ,and CXB in the treatment of prostate cancer using CaP cells in culture 
METHODS: Viability of cells treated with CMT-3 or CXB, or both were quanti- 
fied with MTT assay. Drug-induced apoptosis and death-indudble caspase activity 
were tested by ELISAs(2). Cell cycle fractionation was done by flow cytometry. 
Differential gene expression analysis was performed on a 10,800-cDNAmicroarray 
using InCyte GEM Tool software. RESULTS: Treatment of CaP cells (PC-3ML 
and LNCaP) with CMT-3 (5/xg/mL), CXB (lOjiM) or CMT3+CXB (lOptM) all 
decreased tumor cell viability by >50%, the drug combination killed >90% of cells 
in 48 hours. CMT-3 alone inhibited cell proliferation (62%) and induced apoptosis 
(2-fold). Although, CXB inhibited cell proliferation (73%) it did not induce sig- 
nificant apoptosis. However, CMT-^and CXB combination inhibitecfcell prolif- 
eration by 90% and caused a 4.6-fold increase in apoptosis. The fraction of cells in 
GO/G1 phase in CMT-3 (5 Mg/ml) treated samples (75.6 ± 6.5%) was significantly 
higher compared to untreated control (54.4 ± 3.4%). CXB (lOjuM) also caused 
some GO/Gl phase arrest (63.2 ± 5.0). However, the G0/G1 fraction of 
CXB+CMT-3 combination (78.9 ± 5.2) was not significantly different than that 
of CMT-3 treated samples. Increased cytotoxiciry of CMT-3 and CXB combina- 
tion was found to be correlated with increased activation of Caspase-3 (>70% 
increase in drug combination, compared to single drug alone. Gene expression by 
microarray revealed > 2 fold decrease in 22 genes in CMT-3 treated, 89 genes in 
CXB treated and 77 genes in CMT-3+CXB combination treated PC-3ML cells. 
The key genes that were down regulated in combination treatment include COX-2 
(4.2x), IL-1/3 (7.6x), IL-8 (2.5x), VEGF-c (2.1x), and CxC cytokine5 (14.5x)* 
CONCLUSION: These results demonstrate the enhanced cytotoxicity of the 
CMT-3+CXB combination may be mediated via enhanced activation of caspases, 
and suppression of survival promoting cytokines. Further, these results suggest that 
use of CMT-3 and CXB together could lead to an improved therapy in advanced 
prostate cancer. (Supported by grants from NIH R01CA61038 and U S Army 
DAMD1718526). REFERENCES: l.Hellerstedt BA, PientaKJ. (2002) CA-Can- 
cer J Clin.52, 154-179 2. Lokeshwar B.L., Selzer M.G., Zhu, B-Q. Block, N L. 
Golub, L.M (2002;. Internat. J Cancer; 98,297-309 : 
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Abstract Purpose Poor efficacy of conventional chemofherapeutic drugs against metastatic 

hormone-refractory prostate cancer (CaP) drives patients to try "alternative medicine". The 

antitumor activity of one such agent, "BIRM" (biological immune response modulator; 

"Simple Ecuadorian Oral Solution: an extract of an Amazonian plant"), was characterized 

in vitro and in vivo using established CaP cell lines and a tumor model. 

Methods The cytotoxicity of BIRM in four human and one rat CaP cell line was evaluated 

using cell proliferation-inhibition and clonogenic survival assays. BIRM-induced apoptosis, 

alterations in cell cycle phase progression and inhibition of the extracellular matrix-degrading 

enzyme hyaluronidase were also investigated in these cells. The in vivo efficacy of BIRM was 

evaluated in rats with subcutaneous tumor implants of Dunning EGFP-MAT LyLu cells. 

The active species in BIRM were characterized by gel filtration chromatography. 



Results BIRM inhibited cell proliferation and clonogenic growth of the CaP cells (IC50 

about 8.0 (j,l/ml). It increased cell accumulation in the Go/Gj phase by 33.8% and decreased 

the proportion of cells in S phase by 54.6%. Apoptotic cell death in BIRM-treated cells was 

associated with activation of cell death-associated caspases. BIRM inhibited the activity of 

hyaluronidase, a hyaluronic acid-degrading enzyme, at 1 (xl/ml. Treatment of MAT LyLu 

tumor-bearing rats with BIRM by oral gavage resulted in a significant decrease in tumor 

incidence (50%), tumor growth rate (18.6±1.3 days for 1 ml tumor growth in control rats 

and 25.7±2.6 days in BIRM-treated rats), and only one out of six BIRM-treated rats versus 

four out of six in the control group developed lung metastasis. Three active ingredients in 

BIRM with a relative molecular mass (Mr) of >3500 were identified by ultracentrifugation 

and gel filtration chromatography and were found to be resistant to proteinase and heat 

(100°C). 

Conclusion The plant extract BIRM contains antitumor compounds of Mr >3500 with 

potent antiproliferative activity in vitro and in vivo against prostate cancer cells. 

Keywords Natural herbal anticancer products • Prostate cancer • Invasion and metastasis • 

Chemoprevention • Apoptosis 

Abbreviations 

CaP Prostate cancer/cancer of the prostate 

EGFP Enhanced green fluorescence protein 

HA Hyaluronic acid 

HAase Hyaluronidase 

MTT Methyl thiozolyl tetrazolium bromide [(3-[4,5-demethylthiozol-2-y]-2,5-diphenyl 

tetrazolium bromide] 

This work was supported in part by PHS grants R01 CA 61038 (B.L.L.), CA 72821 (V.B.L.), 

and DoD Grants DAMD 179818526 (B.L.L.) and DAMD 170210005 (V.B.L.). 

Introduction 

Cancer of the prostate (CaP) is the most frequently diagnosed malignant cancer in American 

men with an estimated 189,000 new cases in 2002 [13]. The majority of CaP-related deaths, 



estimated to be 30,200 in 2002, are the result of failure of all currently available conventional 

treatments. Besides undergoing conventional therapy, CaP patients often seek treatment by 

unproven therapeutic approaches f 12]. It is estimated that 30-40% of men with CaP 

experiment with one or more complementary therapies which include high-dose vitamins 

and minerals, herbal preparations and supplements of soy, saw palmetto etc. [14]. Moreover, 

there is a dramatic increase in the number of patients moving towards complementary and 

alternative medicine and consuming plant extracts from "folklore medicine" [26]. We have 

come across one such natural herbal medicine "BIRM" (biological immune response 

modulator; "Simple Ecuadorian Oral Solution: an extract of an Amazonian plant") formulated 

by a physician (EC.-A.), promoted in South America, and based on the local folklore of the 

Ecuadorian native population. The formulation is dispensed as a natural remedy for a variety 

of maladies including fflV-1 infection and cancer [1,3,4]. Very little systematic information 

is currently available on BIRM, and no studies have been undertaken to investigate the 

structure-function correlations in the ingredients of BIRM. Therefore, we decided to evaluate 

the efficacy and antiproliferative effects of BIRM in a CaP model. 

Materials and methods 

Test compound 

BIRM was a gift from BIRM (Quito, Ecuador). BIRM is an aqueous extract of dried roots 

of a plant of the genus Dulcamara (family Solanaceae) grown in Ecuador, and marketed as 

a greenish-brown suspension with a mild bittersweet smell. The inactive ingredients in BIRM 

comprise 16% solid particles, likely root fibers, and the remainder, a lipid-free liquid. BIRM 

is prepared by aqueous extraction of dried roots followed by oxidation/reduction of the 

extract. During this process, the amount of roots and the timing of oxidation/reduction are 

carefully controlled to minimize batch-to-batch variation. Prior to initiation of this project, 

the efficacy of BIRM samples from five different batches were selected randomly and tested 

in two different cell lines (PC-3ML and LNCaP) by the MTT assay to determine the degree 

if interbatch variation. We found no interbatch variation in the potency of BIRM for induction 

of cytotoxicity. In the present study, BIRM samples from lot number 011-2000 were used. 

For all the studies reported here, BIRM clarified by centrifugation at 10,000 gwas used. 



Cells and tumor lines 

Established human CaP cell lines (LNCaP and DU-145) were obtained from the ATCC 

(Rockville, Md.). A recently established bone metastatic PSA+ CaP line (VCaP) was 

generously provided by Drs. Pienta and Cooper (Karmanos Cancer Center, University of 

Michigan, Ann Arbor, Mich.) [11,17,23]. A metastatic variant of a PC-3 cell line, PC-3ML, 

was a gift from Dr. M.E. Stearns (Allegheny University Hospitals, Philadelphia, Pa.) f 15, 

27]. All cultures were maintained in a complete medium containing RPMI-1640 basal medium, 

10% fetal bovine serum (Atlanta Biologicals, Atlanta, Ga.), and 10 \ig/ml gentamicin. The 

EGFP-MAT LyLu cell line was generated by stable transfection of Dunning MAT LyLu rat 

CaP cells with pEGFP-1 plasmid DNA (Clontech, Palo Alto, Calif.) and was maintained in 

complete medium with 250 nMdexamethasone as described previously f 19, 28] 

Growth inhibition assay 

A 3H-thymidine incorporation assay was performed as described previously [8]. Following 

incubation in medium containing BIRM or without BIRM, the cells were pulse-labeled with 
3H-thymidine (1 ^Ci/ml) for 2 h. Incorporation of 3H-thymidine into cellular DNA was 

stopped by the addition of 10% trichloroacetic acid and the acid-precipitable radioactivity 

was determined by liquid scintillation counting [8]. Clonogenic survival of CaP cells exposed 

to BIRM for 24 h was assayed by the colony assay as described previously [8]. 

Determination of apoptotic activity 

BIRM-induced apoptosis was assayed using a cell death ELISA kit (Cell Death ELISA-Plus 

kit; Roche Molecular Biochemicals, Mannheim, Germany). The assay measured the amount 

of free nucleosomes in cell lysate resulting from programmed cell death [9]. The relative 

amount of free nucleosomes present in cell lysates from cultures incubated with BIRM for 

4 h was estimated according to the supplier's instructions. 

Cell cycle analysis 

CaP cells (1 x 105) were cultured in 60-mm culture dishes. After an overnight culture, the 

cells were treated with 10 nl/ml of BIRM for 24 h. BIRM-treated and untreated cells were 

harvested and stained with 50 jig/ml propidium iodide. The amount of propidium iodide 

bound to DNA was profiled in an EPICS XL flow cytometer as described previously [19j. 



The fraction of dead cells at the time of harvesting was about 16% as determined by trypan 

blue exclusion. The majority of these cells were floating, so were discarded at the time of 

washing. The remaining dead cells were gated out using the forward angle light scatter and 

side scatter gatings during flow cytometry. About 20,000 propidium iodide-stained cells were 

analyzed in the flow cytometer from each sample. The MODFIT LT program (Verity Software 

House, Topsham, Me.) was used for the cell cycle phase analysis [291. 

Determination of activation of cell death caspases 

Caspase activation in CaP cells treated with BIRM was determined using a kit (Homogeneous 

Caspases Assay, fluorimetric; Roche) which determined collectively activated caspases nos. 

2,3,6,7,8,9 and 10. The assay measured the free rhodamine 110 (R110) resulting from the 

cleavage of a common caspase substrate, DEVD, conjugated with Rl 10. The amount of free 

Rl 10 was determined fluorimetrically at an excitation wavelength of 499 nm and an emission 

wavelength of 528 nm, and is expressed as relative fluorescence units (RFU) [25]. 

HAase assay 

We tested whether BIRM affects HAase activity secreted in DU-145 culture-conditioned 

medium and partially purified HYAL1 using a HAase activity ELISA-like assay [20,22]. 

HYALl-type HAase was partially purified from the urine of patients with high-grade bladder 

cancer as described previously [20]. The assay was performed in a 96-well microtiter plate 

coated with HA (200 (ig/ml, ICN Biomedicals). Wells were incubated with various 

concentrations of BIRM or column fractions from a Sephadex G-50 gel-filtration column 

(see below) in a HAase assay buffer at 37°C for 15 h [20]. Following incubation, HA degraded 

by HAase was washed off and the HA remaining in the microtiter wells was estimated using 

a biotinylated bovine nasal cartilage HA-binding protein, and an avidin-biotin detection 

system (Vector Laboratories, Burlingame, Calif.) [21]. 

Biochemical characterization of cytotoxic activity in BIRM 

To study heat inactivation, BIRM was heated at 100°C for 5 min in a water bath. BIRM was 

digested with proteinase K (10 U/ml) at 37°C for 18 h. For size fractionation studies, clarified 

BIRM was loaded into ultrafiltration mini-Centriprep tubes (Millipore, Bedford, Mass.) with 

membrane barriers with different molecular weight cut-off points (i.e. about 3.5,10 and 



30 kDa). Following three cycles of centrifugation and separation of the low molecular weight 

fractions, both the filtrate and the retentate were assayed for cytotoxic activity. BIRM solution 

was also treated with charcoal-dextran (50 mg/ml) at 4°C for 12 h to remove lipids and steroids 

(if any). Following the various treatments, BIRM was centrifuged and various concentrations 

of the supernatant were added to PC3-ML cells cultured in 24-well plates (2xl04 cells/well). 

BIRM-induced cytotoxicity was estimated using the MTT reduction assay following a 24-h 

treatment [191- 

Gel filtration chromatography 

Particle-free BIRM was loaded onto a G-50 Sephadex column (1.5x120 cm) equilibrated 

with 20 mMTris-HCl, pH 7.4, containing 150 mMNaCl buffer (Tris/NaCl buffer) [20]. The 

column was eluted in Tris/NaCl buffer at 7 ml/h and 3-ml fractions were collected. Each 

fraction was assayed for protein (BCA-BioRad), uronate [21, inhibition of cell growth (MTT 

assay) [191 and inhibition of HAase activity (HAase ELISA-like assay). 

Tumor generation and BIRM administration 

This experiment was performed according to a protocol approved by the University of Miami 

Animal Care and Use Committee and as stipulated in the NIH Guide to the Humane Care 

and Use of Laboratory Animals. A suspension (lxlO5 cells, 0.5 ml) of growing EGFP-MAT 

LyLu cells was implanted subcutaneously into the dorsal flank of adult (about 250 g) male 

Copenhagen rats (Harlan Sprague Dawley, Indianapolis, Ind.) under mild anesthesia [19]. 

The rats were housed in a room under a 12-h light/12-h dark cycle and provided with food 

and water ad libitum throughout the experiment. Following implantation, the rats were 

randomly divided into two groups of six animals and gavaged with 1 ml of either distilled 

water (vehicle control, group 1) or BIRM (group 2) using a 3-inch stainless-steel intubation 

cannula on day 1 of tumor implantation and then daily for 30 days. Tumor growth was 

examined by palpating the skin around the site of injection. After the tumors became palpable 

(about day 5), they were measured three times a week using calipers, and the volumes 

calculated assuming approximation to an ellipsoid (lengthXheightxwidthx0.524). Animals 

were killed when the tumor volume was about 10 ml or the tumor became significantly 

necrotic. At necropsy, lungs were collected and viewed under a Nikon stereomicroscope with 

a fluorescence attachment (SMZ1500) to examine the presence of fluorescent metastatic 

tumor foci. 



Statistical analysis 

Triplicate samples were assayed in all in vitro experiments. Statistical analysis was performed 

using parametric and nonparametric Student's t-tests. 

Results 

BIRM inhibits cell proliferation in CaP cells 

BIRM inhibited cell proliferation in all the CaP cell lines tested in a dose-dependent manner 

(Fig. 1). The concentration of BIRM causing 50% growth inhibition (IC5o) was 8 (xl/ml (i.e. 

0.8% v/v). Furthermore, the inhibitory activity of BIRM was comparable among all CaP cell 

lines regardless of their androgen sensitivity (androgen-sensitive LNCaP and VCaP cells 

versus androgen-resistant PC-3ML and DU-145 cells). Similar results were obtained by cell 

counting and Trypan blue exclusion assays (data not shown). The results presented in Fig. 1 

and similar observation from other assays suggested that BIRM-induced inhibition of cell 

proliferation led to either cell death (cytotoxicity) or arrest of cell proliferation (cytostasis). 

To distinguish between these mechanisms, we investigated the colony-forming efficiency of 

CaP cells treated with BIRM. The clonogenic assay revealed a dose-dependent inhibition of 

colony formation in BIRM-treated CaP cells. Neither cell colonies nor cell clusters were 

observed in cultures exposed to BIRM at doses of 10 pd/ml and above for 24 h (Fig. 2A). The 

Ida of BIRM for inhibiting clonogenic survival was also 8 [il/ml, the same as the value obtained 

in the 3H-thymidine assay (Fig. 2B). 
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Fig. 1. Cytotoxicity of BIRM against prostate tumor cell lines. CaP cells cultured in growth medium 

(1 x 104 cells/well, 48-well plates) were exposed to various concentrations of BIRM. Following incubation 

for 24 h, DNA synthesis was determined by measuring 3H-thymidine incorporation in the proliferating 

cells (vertical bars means±SEM from three independent assays) 
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Fig. 2a, b. Effect of BIRM on the growth of CaP cells. Cells cultured at low density in 60-mm culture 

dishes were exposed to BIRM for 24 h. Surviving cells at the end of incubation were allowed to form 

adherent cell colonies during the next 7-10 days. Cell colonies stained with 0.1% crystal violet and 

colonies containing >50 cells were counted manually using a hand-held electronic counter in a blinded 

fashion, a Colonies of surviving PC3-ML cells exposed to BIRM for 24 h. b Clonogenic survival of 

CaP cells cultured with BIRM. The results are presented as means±SEM from three independent 

experiments 

BIRM causes cell cycle arrest in CaP cells 

As shown in Table 1, the proportion of cells in Go/Gi phase increased significantly from 

56.4±0.9% in control to 75.5±2.2% in cultures treated with BIRM at 25 ul/ml. The increase 

in the Go/G, phase fraction in the BIRM-treated cells was contrasted with a decrease in the 

S-phase fraction. The S-phase fraction in BIRM-treated cells was 13.1 ±2.9% compared to 



28.9±2.1% in the control. A small decrease of 15-22% in the G^ fraction was also observed 

in BIRM-treated cells. 

[Table 1. will appear here. See end of document.] 

BIRM induces apoptosis in CaP cells 

We did not observe a significant difference in the levels of free nucleosomes in BIRM-treated 

cells during 4 h of treatment, but after 24 h of treatment the intracellular levels of free 

nucleosomes showed a two- to threefold dose-dependent increase (Fig. 3). 
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Fig. 3. BIRM kills tumor cells by induction of apoptosis. PC-3ML, DU-145 and Mat Lylu CaP cells 

cultured in growth medium (1 x 10* cells/well; 48-well plates) with or without BIRM at various 

concentrations for 24 h were analyzed for apoptotic activity using the Cell Death ELISA Plus assay 

kit, which allowed measurement of soluble nucleosomes by spectrophotometry. The data presented 

as means+SEM from three independent experiments 

Activation of cell death-associated caspases 

As shown in Fig. 4, the activities of one or more of caspases 2,3,7,8,9 and 10 were increased 

significantly in BIRM-treated cells as compared to the activities in control cells. We initially 

detected a time-dependent increase in combined caspase activity, beginning at 4 h of exposure 

to BIRM and peaking at 18 h. The dose-dependent increase in caspase activities showed a 

50% increase in cells treated at 5 ul/ml BIRM over the activity in control cells following 

incubation for 18 h or longer (Fig. 4). 
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Fig. 4. BIRM induced increases in caspase activity. CaP cells were treated with BIRM for 4 to 24 h 

and the total activities of cell death-associated caspases were measured using a kit that employed a 

rhodaminellO-conjugated peptide substrate common to all cell death-related caspases. The results 

are presented as means±SEM from three independent experiments in each of which cell lysates 

incubated with BIRM for 24 h were used for caspase activity determination. Caspase activity in 

untreated control cultures was detectable, but was typically ten times less than the activity detected 

in the positive controls provided with the assay kit 

BIRM inhibits tumor growth and metastasis 

As shown in Fig. 5, following tumor implantation, oral administration of BIRM (4 ml/kg 

body weight) to rats resulted in slow tumor growth. While the tumor incidence was 100% in 

the control group, only four out of six BIRM-treated animals (67%) developed tumors. The 

tumor growth rate estimated using non-linear regression analysis of tumor volumes over time 

for each animal confirmed a decreased growth rate in BIRM-treated animals. The times 

taken for tumors to reach 1 ml was 18.6+1.3 days in control animals and 25.7±2.6 days in 

BIRM-treated animals (mean±SE from four animals). A 38% delay in tumor growth was 

observed in BIRM-treated animals compared with control animals. The difference in the 

growth rate between control and BIRM-treated animals was statistically significant (unpaired 

r-test: P=0.03, (=2.773, df=6, 95% CI 0.835-13.36). Fluorescence imaging of the lungs at 

necropsy revealed that only one out of six BIRM-treated animals had metastatic lung foci, 

whereas five out of six control animals had tumor metastasis to the lungs. Furthermore, the 

tumor foci in the lungs of the BIRM-treated animal were significantly smaller than those in 

control animals (Fig. 6). These results indicate that ingredients in BIRM either delay or block 

spontaneous lung metastasis. 
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Fig. 5. Effect of daily dosing of BIRM on growth and metastasis of Dunning MAT LyLu tumors in 

rats. Tumor growth in rats with subcutaneous tumor implant with EGFP-MAT Lylu cells 

(2xl05 cells/animal). The data are presented as means±SEM of each treatment group over time. 

Data from the control group include measurements from six tumor bearing rats, whereas the 

BIRM-treated group had only four animals; the other two animals in this group did not develop tumors 

Control BIRM treated 

Fig. 6A, B. EGFP-MAT LyLu rat prostate tumors metastatic to lungs. The figure shows rat lungs 

with fluorescent tumor foci (arrows). A Control animals (x40); B a typical tumor metastatic to the 

lung in a BIRM-treated animal (x20). Tumor foci in the lungs of BIRM-treated animals were typically 

ten times smaller or absent 

BIRM inhibits the activity of HYAL1-type HAase 

Investigation of inhibition of matrix metalloproteinase activity by BIRM using a 3H-labeled 

collagen-degradation assay [18] showed no changes in matrix metalloproteinase activity 

following BIRM treatment (data not shown). We next examined whether BIRM could inhibit 

the activity of HYALl-type HAase. We have previously shown that HYAL1 is the major 

11 



HAase expressed in cancers of the prostate and bladder [21,22]. Furthermore, invasive tumor 

cells express high levels of HYAL1 [5, 21, 22]. As shown in Fig. 7, BIRM potently inhibited 

HAase activity. BIRM inhibited the HAase activity present in the culture-conditioned medium 

of DU-145 cells (a good source of HYAL-1 [21]) and the activity of partially purified HYAL1, 

in a dose-dependent manner (IC5o 0.25 ^l/ml). 
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Fig. 7. BIRM inhibits tumor-derived HAase. Effect of BIRM on the HAase activity present in DU-145 

cell-conditioned medium and partially purified preparation of HYAL1 was carried out using an HAase 

ELISA-like assay as described in Materials and methods. The data shown are from a typical experiment. 

Similar results were obtained in three other experiments using LNCaP cells (data not shown) 

Characterization of active ingredients in BIRM solution 

BIRM retained its full cytotoxic activity after boiling for 5 min or digestion with proteinase 

K, indicating that reactive species present in BIRM most likely are heat-stable 

proteinase-resistant compounds. Similarly, charcoal-dextran extraction also did not result in 

any loss in the cytotoxic activity associated with BIRM, suggesting that the active species 

present in BIRM are not lipid-soluble compounds such as alkaloids or steroids. No loss in 

cytotoxic activity was found upon ultrafiltration through a 3.5-kDa membrane barrier. 

However, a 40% loss in activity was observed after ultrafiltration through 10-kDa and 30-kDa 

membranes (Fig. 8). These results indicate that BIRM contains at least two species with 

different molecular mass, i.e. one with a molecular mass between 3500 and 10,000 and a 

second with a molecular mass of >30,000, with cytotoxic activity against CaP cells. The 

possibility of the growth-inhibitory activity being associated with carbohydrate derivatives 

was investigated using the Bitter and Muir modified carbazole assay to measure 

glycosaminoglycans and proteoglycans containing D-glucuronic acid (i.e. uronate) [23]. The 

12 



results showed that BIRM is rich in uronate-containing carbohydrates (19.5 mg/ml). Gel 

filtration chromatography on a Sephadex G-50 column also showed two active fractions 

(fraction nos. 28 and 42, Fig. 9). 
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Fig. 8. Cytotoxicity of modified BIRM as assayed by MTT assay and compared with unmodified 

BIRM. BIRM solution was treated with proteinases (proteinase K), heated for 5 min in a bath of 

boiling water or subjected to ultrafiltration as described in Materials and methods. Following treatment, 

untreated and treated BIRM solutions were tested for cytotoxic activity in PC3-ML cells by MTT 

assay, as described in Materials and methods (vertical bars means±SEM from four independent 

assays) 
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Fig. 9. Fractionation of antineoplastic ingredients present in BIRM by gel filtration chromatography. 

Clarified BIRM (5 ml) was fractionated on a Sephadex G-50 column. The column fractions were 

assayed for protein (A280 „m), uronate concentration (Bitter and Muir assay), HAase activity (HAase 

activity ELISA) and cytotoxicity (MTT assay). A single protein peak was detected in fraction no. 20, 

which had neither cytotoxic activity nor HAase-inhibitory activity 
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Discussion 

A systematic investigation of promising plant products has led to the discovery and 

development of antineoplastic agents with unique modes of action and striking efficacy (e.g. 

paclitaxel, vinblastine, etoposide, etc) \1\ In this report, we present evidence of the 
antineoplasticactivityofaplant-derivednutritionalsupplement.BIRM.BIRMwithmedicinal 

value is believed tobe associated only with the plant variety found in Dulcamara in the upper 

Amazon basin where the micronutrients present in the soil promote the synthesis of the 

medicinal compounds in the plant. BIRM inhibited cell proliferation and clonogenic survival 

(Figs. 1 and 2) and caused apoptotic cell death via the caspase activation pathway (Figs. 3 

and 4). In vivo studies on the growth and metastasis of Dunning MAT LyLu tumors suggested 

that oral dosing with BIRM resulted in lower tumor incidence, slower tumor growth and 

reduced spontaneous metastasis to the lungs (Figs. 5 and 6). A preliminary biochemical 

characterization and size-exclusion chromatography suggested that there were at least four 

active species present in BIRM, three with cytotoxic activity and one with HAase-inhibitory 

activity. We have not yet determined whether the three cytotoxic species present in BIRM 

have the same chemical composition but different polymer length. Nonetheless, all four 

active ingredients were heat-stable and unlikely to be proteins or lipid-soluble compounds. 

Inhibition of tumor growth in the rat CaP model following the oral administration of 

BIRM clearly suggests that the active ingredient(s) of BIRM are absorbed in the 

gastrointestinal tract. The reduction in tumor incidence (33%) and the number of tumor foci 

in the lungs (>80%) in BIRM-treated animals suggest that BIRM may exert both 

antiproliferative and antimetastatic activities. It is estimated that 20-40% of patients initially 

diagnosed with local CaP have either locally advanced disease (stage C) or metastatic disease 

(stage D) [10,16], and the cure of metastatic disease still remains a challenge. Our observation 

that CaP cell cultures treated with BIRM showed a significant reduction in cell proliferation 

and undergo apoptosis (Figs. 1,2, and 3) indicates that the active ingredients present in 

BIRM have potential for use in controlling advanced hormone-refractory prostate cancer. 

We investigated whether the BIRM-induced cytotoxic effect was due to inhibition of mitotic 

spindle separation. This would lead to mitotic inhibition and arrest of cells in the GVM phase. 

Contrary to our expectation, incubation with BIRM arrested CaP cells in Go/Gx, which was 

compensated for by a significant decrease (i.e. -56%) in the proportion of cells in S phase 

and a modest decrease in GM, indicating lack of mitotic arrest or cytokinesis (Table 1). 
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This finding is novel in the sense that most plant-derived compounds used in cancer therapy 

interfere with tubulin polymerization (e.g. vinblastine and vincristine) or depolymerization 

(paclitaxel), or inhibit topoisomerase I activity (e.g. irinotecan, topotecan, 

9-aminocamptothecin and 9-nitrocamptothecin) [61 or topoisomerase II activity, leading to 

cell cycle arrest in the G2/M phase (e.g. paclitaxel, etoposide and teniposide) [24]. 

Apoptoticcell death may be one of the mechanisms involved in BIRM-induced cytotoxicity. 

BIRM increased the apoptosis in three CaP cell lines (Fig. 3). Furthermore, induction of 

apoptosis in BIRM-treated CaP cells was coincident with activation of cell-death caspases 

(Fig. 4). In addition to its cytotoxic effects, BIRM appeared to be a potent inhibitor of 

metastasis. Although, the mechanism by which it may inhibit metastasis is unknown at present, 

our results suggests that BIRM is a potent inhibitor of HAase, a class of matrix-degrading 

enzymes whose levels have been shown to correlate with CaP progression [20,72]. 

The recommended minimum dose of BIRM for human consumption is 4 ml/day (as indicted 

on the bottle label), a significantly lower dose than that used in the current study. We based 

the dosage to rats on the observed efficacy in vitro. We found no observable systemic toxicity 

in rats at a dose of 4 ml/kg. Given its effect on tumor growth and metastasis and no systemic 

toxicity, inclusion of BIRM as an adjuvant to standard therapy has potential to reduce/halt 

disease progression. 

In summary, our study demonstrated that BIRM shows cytotoxic activity against both 

androgen-dependent and androgen-independent CaP cells in vitro. More importantly, it 

reduced tumor incidence, delayed tumor growth and caused a significant reduction in 

metastasis in an experimental model of late-stage CaP. Furthermore, no systemic toxicity 

was seen following continuous administration of BIRM in an in vivo rat model. These useful 

properties of BIRM indicate that further investigation of its mechanism of action and clinical 

trials involving its use in advanced CaP are warranted. 
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